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INTRODUCTION 


Since the original work of Wigglesworth (1926) it has become increasingly 
obvious that the corpora allata may exert an influence on the reproductive 
processes of insects (see Scharrer, 1941, for review). Although Thomsen (1940) 
concludes that in the adult muscid flies the single median corpus allatum controls 
the ripening of the ovaries, it is not yet established whether this action is a direct 


one, and whether there is a true sex hormone produced by the corpus allatum. 
The fact that Thomsen (l.c.) was able to induce hypertrophy of the corpus 
allatum by ovariectomy suggests a direct hormonal action, but cannot be taken 
as proof. In an attempt to throw further light on this problem the experiments 
to be described were performed. They are concerned with the role of the ring 
gland in the adult fly, and while the problem is as yet unsettled, considerable 
information has been gained and a tentative conclusion may be reached. The 
significance of the work lies in the fact that it bears finally on a major biological 
problem—the mode of action of hormones on cells and tissues. 


MATERIALS AND METHODS 


Two species of Muscidae have been employed. A pure strain of Lucilia 
sericata Meig. maintained by mass inbreeding for over 230 generations was used 
in all earlier work. Search for a more robust fly resulted in the use of a stock of 
Sarcophaga securifera Villeneuve obtained from eggs deposited on meat, in the 
fall of 1941 in St. Louis, Missouri. Since that time the stock has been maintained 
by mass inbreeding in the laboratory. 

The experiments have consisted mainly of extirpations and implantations of 
adult organs. Operations were performed under a magnification of 30 diameters 
and the essential instruments were No. 12 hard steel needles, appropriately 
sharpened on a hard Arkansas oilstone, and fine iridectomy forceps. Flies were 
etherized and held in ‘“‘Permoplast” with cross pins. The corpus allatum may 
be removed through the neck region if the head of the fly is bent forward; gonads 
are removed by making a long transverse incision in the intersegmental membrane 
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between the 4th and 5th abdominal segments. With practice the mortality can 
be reduced to very low figures for both operations, but I have never succeeded in 
performing both extirpations on a single fly, even when a day elapsed between 
the experiments. 

In the experiments involving the transplantation of the ring gland, portions 
of the oesophagus invariably had to be included with the transplant, for the ring 
gland alone was too small to be moved without injury. The site of implantation 
was under the dorsal abdominal wall between the 2nd and 3rd scuta. In later 
experiments, in an effort to induce innervation of the transplant, attempts were 
made to place the ring gland near the brain, which was slightly injured in order to 
stimulate the growth of nerves to the implant. These attempts were unsuccessful. 

A total of 73 successful operations were performed on Lucilia and 102 on 
Sarcophaga. 

At the conclusion of all experiments the flies were fixed by injection with 
alcoholic Bouin’s, and 10 micron paraffin sections were stained either in Mallory’s 
triple stain or by Bodian’s protargol technique. Results with both species of 
flies were similar, unless the contrary is stated. 


DESCRIPTION OF THE NORMAL HISTOLOGY 


The histological effects of extirpation of the ring gland have not previously 
been described. In order that they may be more easily followed, a brief descrip- 
tion of the normal histology is necessary. 

A. The Ring Gland. The ring gland of Lucilia has been shown (Day, 1942) 
to be composed of a single median corpus allatum fused with the corpora cardiaca 
and the hypocerebral ganglion. The situation is similar in Calliphora (Thomsen, 
1941) and in Sarcophaga (Figures 3, 4, and 5). Thomsen (1941) refers briefly 
to the larger size of the corpus allatum in mature flies compared with newly 
emerged flies (compare her Figures 3 and 4). The changes occurring during the 
first seven days after emergence of adult Lucilia sericata and from emergence to 
20 days of age of Sarcophaga, have been carefully followed. The most striking 
changes occur in the first five days and thereafter there is not much alteration 

PLATE I 


Corpora allata and fat body of Lucilia sericata and Sarcophaga securifera fixed in alcoholic 
Bouin, Bodian protargol method. Photomicrographs, magnification 400 diameters. 

1. Corpus allatum of normal female L. sericata, transverse section. Note larger nuclei on 
periphery of the gland, and below a little striated muscle from the dorsal vessel. Cell walls are 
not easily seen but are present. 

2. The same of a female castrated seven days. Note the hypertrophy of the cells and nuclei. 
The gland approximately 50 per cent greater in diameter than the control even though there are 
fewer cells in the section. The hypertrophy of the nuclei is particularly striking and is shown 
by the larger peripheral ones as well as the central ones. Cell walls are clearly seen. 

3. Corpus allatum of S. securifera in which recurrent nerve was cut seven days earlier. Note 
nerve fibers ramifying between cells. In comparison with Figures 4 and 5 note the hypertrophy 
of cells and nuclei. 

4. Corpus allatum of male castrate S. securifera. 

5. Corpus allatum of female castrate S. securifera. Note that there is no hypertrophy in 
either this gland or that in Figure 4 comparable with that found in Lucilia. 

6. Fat body of female Sarcophaga securifera showing darkly stained oenocytes. Tissues are 
essentially normal. ~Compare with Figure 7. 
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in the cytology of the gland. Differences between the sexes are insignificant. 
In Sarcophaga all the fuchsinophilic droplets in the corpus cardiacum cells have 
disappeared at the time of emergence, but persist for about three days in Lucilia 
(Day, 1942). In Lucilia larger nuclei seem to occur on the periphery of the 
gland, but this is not so marked in Sarcophaga. In both there is a thin sheath, 
which has small flattened nuclei, surrounding the gland. The innervation of the 
gland is well shown in Bodian preparations and, as in other insects, is very profuse 
(see especially Figures 3 and 4). Nerves from the hypocerebral ganglion run 
dorsally in the lateral walls of the aorta and ramify between almost every cell of 
the corpus allatum. It is almost certain that fine nerves penetrate cells and end 
near the nucleus in small terminal swellings. Cell membranes are not clearly 
seen in the illustrations, but the gland is not syncytial. It is well tracheated, but 
no specializations for transferring secretory products to the aorta are found. 

B. The Fat Body. As will be shown later the fat body undergoes striking 
changes after allatectomy. Its normal histology is therefore discussed here and 
considerable attention has been paid to this tissue in all experimental animals. 
Teunissen (1937) and Pérez (1918) have described the changes in the fat body 
of flies during the pupal period, but no adequate description is to be found of 
subsequent changes. Evans (1935) has described the fat body of adult Lucilia 
and Roubaud (1932) has described chemical changes in that of Culex pipiens. 
In Sarcophaga I have found that larval fat body cells persist in normal flies for 
three days after emergence (Figure 7). Their fuchsinophilic contents gradually 
diminish until the cytoplasm becomes clear and reduced, though the large nucleus 
still makes it easy to distinguish the cells. The adult fat body cells are at first 
small but during the first three days of adult life they gradually increase in size. 
It should be noted that fat body cells differ in various parts of the body. This 
discussion is limited to the fat body of the lateral body wall in the segments con- 
taining the gonads. No substantial difference was observed between the sexes. 

Young cells show most frequently four nuclei, but may possess more. A count 
of the number of nuclei in fat body cells of Sarcophaga gave the following results: 
Two nuclei were found in 15 per cent of the cells, four in 50 per cent, six in 5 
per cent and eight in 30 per cent. The counts were made from acetic orcein 
spreads from which counts may be made easily and accurately, while this is not 
possible from sections. No significant change was found between young and 
old flies, nor is there a difference between the sexes. There is, however, a marked 
difference depending on where the fat body is located. Cells near the heart are 
smaller and have fewer nuclei than those located on the lateral body wall. When 
the fat body is abundant the cells composing it are closely appressed and their 
exact connections are impossible to determine. In living spread preparations, 
especially of older flies in which the fat body is less abundant, it is found that the 
fat body cells are arranged in cords which branch and in which the oenocytes lie 
in between almost every two cells. In young cells the nuclei are spherical and 
possess a single, usually slightly eccentric nucleolus. The cytoplasm is aggregated 
around the periphery of the cell. Within 24 hours after emergence the cells have 
increased considerably in size, the nuclei have become more nearly centrally 
located and the nuclear membrane has become slightly irregular in outline and 
their nucleoli have enlarged considerably. The cytoplasm is uniform, but is 
lightly aggregated around the nuclei. If the flies continue on a carbohydrate 
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diet no further change occurs. A protein meal, however, changes the appearance 
of the cytoplasm considerably. It becomes more abundant and thick strands 
run from the cell wall to the nuclei. The nuclei frequently regain their spherical 
shape. 

In Lucilia, the changes undergone by the fat body are essentially similar to 
those just described (see Evans, 1935). 

C. The Oenocyies. Intimately associated with the fat body are the oenocytes. 
Snodgrass (1935, p. 411) made the undocumented statement that “oenocytes are 
not known to occur in adult Diptera.” However, oenocytes in adult Diptera 
have been described by Pérez (1910) in Calliphora and by Evans (1935) in Lucilia. 

In the newly-emerged Lucilia they are not striking, but with the increase in 
size of the fat body cells the oenocytes become more conspicuous. They are 
characterized by uniform, basophilic cytoplasm. Many of the cells, which are 
uniformly scattered among the abdominal fat body cells, are uninucleate, but 
about 50 per cent are binucleate. More rarely three or four nuclei are found. 
Nuclear size in Lucilia oenocytes with a single nucleus averages about six microns, 
but is less when there are more nuclei per cell. It was early noticed that there 
was a marked and constant difference between the oenocytes of the two sexes 
of Lucilia. While those of the male were large and well filled with cytoplasm so 
that the cell boundaries were convex, those of the females were less conspicuous 
and had concave cell boundaries. This difference could be clearly seen in the 
living fat body if the fly was injected with a solution of methylene blue which 
stains oenocytes specifically. When a similar condition was found in such widely 
separated flies as Melophagus ovinus L. and Culex pipiens L., it was thought that 
the situation might be general in the Diptera. It was so striking that it seemed 
surprising that no record of this could be found in the literature. It was therefore 
unexpected to find that Sarcophaga securifera did not conform in this respect, the 
oenocytes being if anything more conspicuous in the female than in the male, 
although there was little difference between the sexes. The explanation for this 
is quite unknown but is obviously significant in the explanation of the sexual 
differences, which must lie eventually in a knowledge of the function of the 
oenocytes. Without diverging unnecessarily it seems that the majority of 
evidence points to their functioning as organs of intermediary metabolism (see 
Wigglesworth, 1939, p. 244). The validity of the interpretation of the following 
results rests in part on the very plausible assumption that this is at least one of 
their functions. 

In normal flies the oenocytes are very constant, and no cytological evidence 
of secretory changes can be seen in the adult, though there are some indications 
that they show an inverse size relationship with the cells of the fat body, and vary 
slightly with the nutritional state of the insect. As will be shown below, they 
undergo marked changes upon extirpation of the ring gland. 

D. The Ovaries. For purposes of subsequent descriptions it is necessary to 
review briefly the growth of the eggs in the ovary of Lucilia. The relation 
between nutrition and egg production of muscids has been discussed by Glaser 
(1923) and Mackerras (1933), and the development of the ovaries of Anopheles 
by Nicholson (1921). Nicholson divided the growth of the odcyte into two 
stages. The first of these represents the growth up to a resting stage in which 
the odcytes remain until the insect has taken a protein meal (see Trager, 1941, 
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p. 23). Histologically such oécytes are easily distinguished, for no yolk has yet 
been laid down in them. In Sarcophaga the follicle attains a maximum diameter 
of about 160 microns. Immediately after feeding on meat, yolk is deposited and 
the odcyte increases in size to about three times the size reached in stage I. The 
nurse cells undergo little change. Once yolk deposition has begun the follicles 
increase rapidly in size. The follicular cells increase in number but decrease in 
size. They change from cuboidal towards squamous cells. Later the chorion 
is laid down. 


THe EFFECTS OF EXTIRPATION OF THE RING GLAND 


As mentioned above, extirpation of the ring gland of adult flies can be per- 
formed with comparative ease. It is, however, not possible to determine without 
histological examination whether both corpora allata and cardiaca are removed. 
Thomsen records that cardiacectomy was avoided in her operations. Most 
frequently in this work the corpora cardiaca were removed with the corpus 
allatum. After allatectomy alone, however, the effects were indistinguishable 
from complete extirpation of the ring gland. About 80 per cent of the flies 
operated upon in this way live apparently normally and show no external signs 
of their operation. Mortality is about 10 per cent and the remaining 10 per cent 
show the water balance upset described below. 

Among the 80 per cent of operated flies that survived, normal mating reac- 
tions have been noted. The majority of flies (37 Lucilia, nine Sarcophaga) have 
been operated upon when 24 hours old, and subsequently fed sugar and water, 
and fixed after seven days. Thirteen cases in Lucilia were allowed to live to 21 
days after the operation and three cases in the Sarcophaga series were fed meat 
for four days. However, eggs were never developed, though in one case a little 
yolk was found in an oécyte slightly enlarged beyond stage I. 

In spite of their normal behavior, operated flies present an unmistakable 
histological picture differing from the controls in regard to the fat body, ovary, 


Pate II 


Fat body of Lucilia sericata and Sarcophaga securifera. Fixed with alcoholic Bouin’s. 
Photomicrographs, magnification 400 diameters, except Figure 7 which is x 170. 

7. Fat body of normal male S. securifera three days of age. Note the larval fatbody cell 
whose fuchsinophil droplets have almost disappeared. Compare the oenocytes with those of the 
female (Figure 6). Note that the magnification is only 170 diameters. 

8. Fat body of female L. sericata in which recurrent nerve had been cut seven days. The re- 
duced and pycnotic oenocytes, pycnotic small dark nuclei of the fat body are characteristic of flies 
after extirpation of the ring gland. 

9. Fat body of male S. securifera allatectomized seven days. Note same effects as seen in 
Figure 8. The separation of the cytoplasm from the cell wall is characteristic. 

10. Fat body of female S. securifera allatectomized for seven days when female was six days 
old. Note less marked effect than in Figure 9, though the effects of the operation can be seen in 
comparison with Figure 12. 

11. Fat body of female S. securifera seven days after the extirpation of the ring gland with 
ring gland from female castrated seven days implanted for 46 hours. In comparison with Figure 9 
the cytoplasm and nuclei are seen to have undergone conspicuous changes. Oenocytes, however, 
are unaffected. 

12. As Figure 11, except that the transplanted ring gland was from a normal seven-day old 
female. Note that the fat body is almost normal, but the oenocytes stilf show the effects of 
allatectomy. 





FUNCTION OF CORPUS ALLATUM 





134 M. F. DAY 


and oenocytes. No effects could be seen on testes, on the nervous tissue, including 
the neurosecretory cells of the brain (Day, 1940), alimentary canal, Malpighian 
tubules, or on the accessory glands of the reproductive system of either the male 
or the female. 

A. The effects on the fat body become visible within three days after the 
operation, but little change occurs from then up to 21 days. If the operation is 
performed on a fly within two days after emergence, the cells of the larval fat 
body never completely disappear, as they do in the normal fly. Even after the 
acidophilic cytoplasmic inclusions (see Figure 7) have disappeared, the larval 
cells can easily be recognized by the large size of the nuclei. Thus one of the 
effects of extirpation of the ring gland is to inhibit the normal maturation of 
certain tissues. The extent of the change in the adult fat body may be seen by 
comparing Figures 7 and 9. Many of the nuclei of the fat body cells in the 
operated flies become pycnotic, have crenulated borders, and are greatly decreased 
in size. A still more striking change occurs in the cytoplasm which appears much 
more sparse than in the controls. No specific stains have been used to attempt 
to learn exactly what components have disappeared from the cytoplasm but the 
general appearance is that of a cell whose reserves have been in large part utilized. 
It would be desirable to determine in what way these changes correlate with 
alterations in physiological function. The results suggest a comparison with the 
findings of Pfeiffer (1941) on Melanoplus that allatectomy results in a greatly 
increased fat content. While it will be seen from Figures 7 and 9 that there is 
an increase in fat body cell size following extirpation of the ring gland, an increase 
in fat does not appear to occur in female Lucilia or Sarcophaga after this operation 
although the vacuoles observed in the fat body cells may be left by dissolved fat. 

If the operation is performed on a fly six days of age, the fat body does not 
regress, but the effect is still seen upon the oenocytes (compare Figure 10). 

B. Even more striking changes occur in the oenocytes following extirpation 
of the ring gland. Such changes have not been previously reported for any 
insect. The effects are not quite comparable in Lucilia and in Sarcophaga. In 
males of the former species the large oenocytes of the male are most markedly 
affected, being much reduced in size. Their nuclei become pycnotic and their 
cytoplasm changes from an homogeneous basophilic to a strong acidophilic 
reaction. Comparable but less marked changes occur in the female Lucilia. In 
Sarcophaga the cytoplasm does not become so markedly reduced, but the cell 
boundaries of the oenocytes almost invariably become indistinct (Figure 9). As 
in Lucilia the nuclei show varying degrees of pycnosis and in both sexes the cells 
are greatly reduced in size. Feeding protein in addition to carbohydrate has 
little effect on these oenocytes. 

C. Extirpation of the ring gland produces an effect upon the ovaries. If the 
operation is performed on young females fed only sugar, development beyond 
Stage 1 is never found. The histology of the eggs usually remains normal. 
However, in one case in which a female Sarcophaga was allatectomized when two 
days old, considerable regression of the ovaries was found. Practically no 
odcytes were present and the ovaries consisted of a mass of knotted tracheae and 
a few small connective tissue and muscle cells. 

If the operation is performed on a female in which the ovaries are well 
developed, degeneration of certain odcytes occurs. Wigglesworth (1936) reported 
a similar situation in Rhodnius. The eggs on the periphery are affected first and 
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the changes are exactly comparable to those seen in old females inhibited from 
ovipositing. Apparently extirpation of the ring gland hastens this process and 
causes its occurrence in a greater number of oécytes than normal. The first 
indication of such degenerative changes is seen in an increase in size of the fol- 
licular cells. These large cells then begin to phagocytize the acidophilic yolk 
granules, and persist for a while with darkly staining masses in their cytoplasm. 
Eventually they digest this material and the yolk decreases in quantity until in 
the last stages that have been observed, the odcyte contains practically no yolk. 

Previous authors have described changes in the secretions of the oviduct as 
a result of allatectomy. These were not observed in Lucilia or Sarcophaga. 
Similar changes in the fat body and oenocytes occur in males as well as females, 
but the testes and accessory glands are unaffected. 

D. As mentioned above, the effects of removing the corpus allatum just 
described are sometimes modified. In about 10 per cent of the operations the 
flies exhibit a marked distension of the abdomen, sometimes within five hours, 
but more usually about 12 hours after the operation. Complete serial sections 
of these cases shows no difference in the operation between these and the 80 per 
cent of flies which do not show these unusual effects. The Malpighian tubules 
are always considerably swollen and there appears to be an upset in the water 
regulating mechanism. This effect is found only in those flies which imbibe water 
and it is suggested that the operation may have stimulated some center, with 
the result that the flies imbibe more than they normally do. 


THE EFFECT OF SEVERING THE RECURRENT NERVE 


The question arises of whether the normal functioning of the ring gland is 
dependent upon its innervation. As shown by Day (1942) in Lucilia the recurrent 
nerve which supplies the ring gland is composed of fibers of three separate nerves. 
This compound nerve can easily be severed in the cervical region. This operation 
results in higher mortality than after extirpation of the ring gland. In one experi- 
ment, for example, 40 flies of both sexes of Sarcophaga were operated upon in 
this way, and of these only 16 survived for a period of one week. The effects of 
the operation are precisely similar to those following extirpation of the ring gland. 
The fat body cells enlarge, their nuclei become small and pycnotic, the oenocytes 
decrease in size and their cytoplasm becomes acidophilic, and the ovaries do not 
develop beyond Stage 1. The effect in Lucilia is shown in Figure 8 and that in 
Sarcophaga in. Figure 10. 

The histology of the corpus allatum after the severing of its nerve connections 
shows changes from the normal (Figure 3). The nerve endings are still conspicu- 
ous and little can be seen in the cytoplasm to suggest increased or decreased 
hormone output. However, striking changes occur in the cell size and in the 
nuclear size (Figure 3). Nuclear size is more easily measured than cell size. 
The nuclei of the operated flies measure from 12 to 14 microns in diameter, an 
increase of about 70 per cent over the diameter of the nuclei of the controls. The 
nucleolus also increases in size. 


THE EFFECTS OF TRANSPLANTING RING GLANDS 


Since it appeared from the extirpation experiments that corpora allata were 
. . . . o® a- . 
concerned in maturation of the ovaries and directly or indirectly in the changes 
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undergone by the fat body, the ring glands of ten-day females were transplanted 
into the abdomens of three-day females. Striking changes were induced in the 
hosts, probably attributable to the transplanted glands. The adult fat body of 
the host was markedly depleted, but the larval fat body cells still present showed 
a most unusual appearance as though their reserves were being mobilized more 
suddenly than is normal. This effect was found in individuals fixed 48 hours 
after the implantation. In flies fixed one week after the operation no larval, 
and extremely little adult fat body tissue could be found in sections. These 
experiments confirm the suggestion that the corpus allatum is concerned in the 
maturation of certain tissues. - 

A more significantly experiment seemed to be the implantation of ring glands 
into flies from which the ring gland had been extirpated for one week. It is 
hardly to be expected that the effects of extirpation of the ring gland could be 
reversed to the normal condition, for it has been shown that the normal activity 
of the corpus allatum is exhibited only when the gland is normally innervated. 
Two cases were fixed 46 hours after implanting the new gland. One showed an 
abundance of fat body, apparently intermediate between that of the fly from 
which the ring gland had been extirpated, and a normal of this age, and reduced 
oenocytes, with strongly basophilic cytoplasm rather than acidophilic as in flies 
after extirpation of the ring gland. The other showed a fat body and oenocytes 
which were essentially normal (Figure 12). 

In a later section it will be shown that castration causes cytological changes 
in the corpus allatum of Lucilia, though not of Sarcophaga. However, the fol- 
lowing experiment suggests that the corpora allata of castrate female Sarcophaga 
are physiologically altered. Ring glands of flies castrated seven days previously 
were transplanted as in the experiments just reported. Two cases were fixed 
46 hours after implanting and two after seven days. Significant differences could 
be observed between these and the former series, but there are still definite effects 
of the implanted glands (Figure 11). These effects are sufficiently striking to 
confirm the suggestion that the ring gland from the castrated female had very 
different effects on the host from that from a normal female. It was noticed that 
the corpora allata of these transplanted glands, when studied in serial sections 
at autopsy, showed a slight indication of hypertrophy in a manner similar to 
that discussed above in denervated corpora allata in situ. Detailed analysis 
must await further experiments, but the generalization is warranted that castra- 
tion causes physiological changes in the corpus allatum of Sarcophaga. 


THE EFFECTS OF CASTRATION ON CORPORA ALLATA AND OTHER TISSUES 


A. The experiments of Thomsen (1940) in which she extirpated ovaries were 
performed primarily on Calliphora. The operation resulted in hypertrophy of 
the corpora allata. Full confirmation has been obtained in my experiments with 
female Luctlia sericata, in which corpora allata showed considerable hypertrophy. 
The increase in size of the cells is illustrated in Figure 2 when compared with 
Figure 1. It will be noted that the increase is solely in cell size and there is no 
increase in cell number. The cytoplasm exhibits no more signs of activity than 
in the unoperated animals. Thomsen could offer no suggestion of the means by 
which the hypertrophy was brought about. A comparison with cases of hyper- 
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trophy of these glands, for example in Ephestia moths (Schrader, 1938) or termite 
royalties (Pflugfelder, 1938), does not assist, and it seems likely that a different 
mechanism is involved in each of these examples. There is a change in nuclear 
size comparable to that found in Sarcophaga, which results from severing the 
recurrent nerve. 

B. Thomsen did not report experiments with male flies. These can be 
castrated even more easily than can females, for the testes are not so completely 
tracheated as the ovaries. However, no hypertrophy of the cells of the corpora 
allata, or any other change could be observed in male Lucilia either in behavior 
or in histology. . Most cases were fixed seven days after the operation, but in a 
few cases even after 14 days no change could be observed. 

C. Similar experiments were performed on Sarcophaga. Early observations 
indicated no hypertrophy of corpora allata. More extensive and detailed 
operations on both sexes were performed and the results carefully checked in 
histological preparations to determine whether castration was complete. No 
hypertrophy of the corpora allata comparable to that in female Lucilia was 
found in either sex of Sarcophaga (Figures 4 and 5). 

D. It was thought that the accessory glands might have an effect. In male 
Sarcophaga the accessory glands alone and the accessory glands together with 
the testes were successfully removed. No change in corpora allata cells was 
found in ten operations. 

In an activity apparently so fundamental in the physiology of the insect it is 
surprising that two genera as closely related as Lucilia and Sarcophaga should 
give such divergent results. Further discussion of their differences will be found 
on p. 139. 

Castration of female Sarcophaga has no visible effects on the female accessory 
glands, or indeed on the majority of tissues. About 50 per cent of nuclei of fat 
body cells do, however, show varying degrees of pycnosis. The cytoplasm 
appears normal and the oenocytes are fully rounded and typical for this fly 
(Figure 6). No histological evidence was found in Sarcophaga to compare with 
the decrease in fat reported for castrated Melanoplus by Pfeiffer (1941). 


THe EFFrects oF CUTTING AND REPLACING OVARIES 


In Sarcophaga an attempt was made to gain some indication of the effects on 
the ovaries by completely removing them from their attachments, and replacing 
them in the haemocoele. The flies were fixed after a period of one week and 
studied histologically. The ovaries had regained new tracheal connections, and 
appeared normal in every respect, with stage I ojcytes, as would be expected in 
flies fed only sugar. Fat body and oenocytes were normal and no effect of the 
operation was observed on the corpora allata. 


GENERAL DISCUSSION 


We may assume for purposes of comparison with other insects that the effects 
of extirpation of the ring gland can be compared with allatectomy and cardi- 
acectomy. The only report of cardiacectomy is to be found in a note by Pfeiffer 
(1939, p. 452-453) stating that ‘‘delay in molting has been consistently obtained 
by removing the corpora cardiaca” of Melanoplus. Allatectomy has been per- 
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formed by Wigglesworth (1936) on Rhodnius where it was shown to result in 
loss of the ability to produce mature eggs. Degeneration occurred not only in 
the oécytes but also in the follicular epithelium. Weed (1936) confirmed these 
results with Melanoplus. However, in Dixippus (Pflugfelder, 1937) allatectomy 
does not result in the loss of the ability to produce mature eggs though the fact 
that the corpora allata have some effect on the ovaries is shown by subsequent 
work (Pflugfelder, 1940). Subsequently Pflugfelder has reported a variety of 
effects from the removal of the corpora allata of Dixippus: the pericardial glands 
and ventral glands undergo considerable hypertrophy, and there are effects on 
the regeneration of lost limbs (1938b). These results lead to the conclusion that 
the corpora allata exert some influence on metabolism, but as Scharrer (1941) 
says “the question is how far this concept may explain all the special effects 
attributable to the glands.” 

From the present experiments there is evidence that the ring gland produces 
more than a single substance. As has been pointed out they indicate strongly 
that one of the primary effects of the ring gland is on the regulation of normal 
maturation. This is also true in the larva, as shown by the experiments of Burtt 
(1938) on Calliphora and of Hadorn and Neel (1938) on Igl Drosophila larva. 
Histological examination of ‘permanent larvae’”’ of Lucilia sericata inhibited from 
pupating by removal of the ring gland shows a fat body which is unlike anything 
seen in normal larvae. The cells contain a large number of small acidophilic 
droplets, and a few larger droplets which stain with aniline blue. However, there 
is no regression or deterioration of the fat body cells as found in the adult fly, and 
a somewhat comparable picture is seen in a prepupa kept for one month in dry 
sand (see Mellanby, 1938). In such fat body cells many of the acidophilic drop- 
lets are considerably larger, are less regular in size, and are aggregated around 
the nucleus. 

It is not known whether the hormone which permits normal pupation and 
whose removal results in fat body cells of this type is the same as that which plays 
a role in the removal. of larval fat body in the adult fly. It seems unlikely that 
this is the case. And there is sufficient change in the ring gland that it is not 
necessary to assume that a single hormone is involved. A few experiments have 
been performed of transplanting glands from larvae to adults. Though they 
yielded no significant information, the conclusion that the ring gland produces a 
substance concerned with normal maturation seems incontravertible. 

It has been shown that the effects produced by implanting a ring gland into 
a fly from which the ring gland had been extirpated are qualitatively different 
from those which result from severing the innervation of a gland in situ. It is 
possible that the effects may be produced by different concentrations of a single 
secretion but it appears likely that the substance causing the breakdown of larval 
tissues is not the same as that which affects the growth of the ovaries, the cyto- 
plasm of the fat body, and the structure of the oenocytes (see also Vogt, 1940). 
As has been suggested by Pflugfelder the corpus allatum seems to have some 
influence on the metabolism of the insect. The obvious effects of the corpora 
allata of various insects on the ovaries have led to the suggestion that they may 
produce a hormone acting directly on the sex organs, at least in the female. The 
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outstanding result of the experiments reported in this paper is that many tissues 
are affected by the corpus allatum. There is thus no reason to suppose that a 
sex hormone is produced by the corpus allatum. In fact, it seems more plausible 
to assume that the primary effect is on some general metabolic function. It is 
well known that many flies are unable to mature their eggs without a protein ° 
meal, while mature sperm are formed irrespective of the meal obtained by the 
male. Spermatogenesis is in no way affected by extirpation of the ring gland, 
while eggs, if formed, begin to undergo regression if the ring gland is removed 
even though protein be fed to the flies. 

The results of castration are difficult to interpret. In female Lucilia, the only 
cells markedly affected are those of the corpora allata. In male Lucilia and in 
both sexes of Sarcophaga, castration has little effect either on the behaviour of 
the flies or on the cytological appearance of their tissues (see Figure 6). In the 
female Lucilia the corpus allatum hypertrophies after castration, and in this fly 
the oenocytes of the female are much smaller than those of the male. In Sar- 
cophaga, castration does not result in any cytologically visible change in the 
corpus allatum of either sex, and in this fly the oenocytes of the female are almost 
indistinguishable from those of the male. This suggested that changes in the 
oenocytes might be induced by castration of female Lucilia and of male Sar- 
cophaga, but none were found. However, this finding does not invalidate the 
general conclusion that the effect of the ring gland is probably primarily on some 
general metabolic process, perhaps acting through the oenocytes rather than 
directly on the ovary. 


SUMMARY 


1. Evidence from extirpation and transplantation experiments suggests that 
the ring gland of Lucilia sericata and Sarcophaga securifera produces a hormone 
concerned with normal development. Its action can be seen in the larva where 
it results in puparium formation, and in the adult fly first in the changes which 
occur during the breakdown of the larval fat body cells and subsequently in the 
changes undergone by the adult fat body cells, the oenocytes, and the development 
of the ovaries. 

2. These last two activities may be under the influence of a hormone (prob- 
ably different from that influencing development), whose action seems to be on 
the general metabolic activity of the fly. The oenocytes undergo marked changes 
after extirpation of the ring gland. If these are concerned with some general 
metabolic function, as seems likely, the action may be primarily on them and the 
effects on fat body cells may be altered by implanting a ring gland into the 
abdomen of a fly, after extirpation of the ring gland, but this has no visible effect 
on oenocytes or on ovarian development. 

3. Castration of adult female Lucilia sericaia results in hypertrophy of the 
cells of the corpus allatum. No effect is produced in the male Lucilia sericata 
or in either sex in Sarcophaga securtfera. 

4. Destruction of the innervation of the ring gland of Sarcophaga securifera 
results in slight hypertrophy of the corpus allatum cells, and of their nuclei. The 
physiological significance of this hypertrophy is not yet known. 
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CHANGES IN VOLUME AND PHYSICAL PROPERTIES OF 
ALLANTOIC AND AMNIOTIC FLUIDS UNDER 
NORMAL AND EXTREME TEMPERATURES 


ALEXIS L. ROMANOFF AND FREDERICK W. HAYWARD 


(Cornell University Agricultural Experiment Station, Ithaca, New York) 


Avian embryonic membranes develop as special temporary organs. They 
begin to appear early, developing quite separately from those of the embryo, and 
cease to function at hatching. Their presence is indispensable because they 
provide both for the protection of the embryo and for its independent existence. 
They participate in nearly all metabolic activities of the embryo, such as nutri- 
tion, respiration and excretion. 

In spite of the biological importance of these membranes, little is known about 
their development. A study of the changes in volume and physical properties of 
the allantoic and amniotic fluids under both normal and extreme temperatures 
would be of especial value in a better understanding of the physiology of develop- 
ment of the avianembryo. Therefore, with these ideas in mind the present work 
was undertaken. ’ 

EXPERIMENTAL METHODS 


About 650 fertile eggs of White Leghorn hens (Gallus domesticus), 200 of 
Ringnecked pheasants (Phasianus torquatus), 150 of Bobwhite quail (Colinus 
virginianus), 200 of White Holland turkeys (Meleagris gallopavo) and 200 of 
Pekin ducks (Anas domesticus) were used. The eggs were incubated in the 
laboratory incubators previously described (Romanoff, 1932). Normal conditions 
for development were a temperature of 37.5° C., relative humidity of about 60 
per cent, and an air movement of about ten feet per second, only with some minor 
modifications according to the specific requirements of each species. There was 
a sufficient supply of fresh air and an adequate removal of carbon dioxide. All 
of the eggs were turned at regular intervals three times a day. 

For a more detailed study of the effect of temperature on the development of 
embryonic membranes—allantois and amnion—chicken eggs were selected. 
Eggs of other species were not used because of their scarcity. 

The experimental temperatures for incubation of the chicken eggs were 34.5°, 
36.0°, 38.5°, and 39.5° C. All of the other environmental factors were similar 
to those under normal conditions. 

The volumes of allantoic and amniotic fluids were measured with the aid of a 
special aspirator. After removing the shell and shell membranes at the blunt 
end of the egg, the allantoic membrane is pierced by the large hypodermic needle 
on the aspirator. The allantoic fluid is withdrawn into the small measuring 
cylinder by pressing the suction bulb until the total volume of liquid is obtained. 
The amniotic fluid is withdrawn in a similar manner, except that the older 
embryos may be placed in a clean Petri dish to facilitate removal of the liquid. 
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After the amniotic membrane is pierced, any escaping liquid can be collected 
directly from the dish. On the whole, this method permits quick and accurate 
measurements of the fluids and their ready use for further immediate studies. 

The specific gravity of the fluids was determined by weighing them in small 
standardized pycnometers of approximately 0.5 cc. capacity. These pycnometers 
were made in 14 mm. lengths from glass tubing with a 3 mm. bore. In a test 
determination by this method the average deviation of density was about 0.00024. 

The hydrogen-ion concentration (pH) of the fluids was measured electro- 
metrically, using a hydrogen electrode of special design for small quantities of 
material of about 1.0 cc. 


EXPERIMENTAL RESULTS 


Volume of fluids under normal conditions 


The actual volume of allantoic and amniotic fluids in the eggs of the various 
species showed enormous variation (Figures 1 and 2), since the weight of the 
eggs used varied from about 9 grams for quail to about 85 grams for turkey. 
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FIGURES 1 To 6. Changes in volume, specific gravity and hydrogen-ion concentration (pH) 
of allantoic and amniotic fluids of avian eggs incubated under normal conditions. (Abscissae 
represent the per cent of time for the full embryonic developmental period—chicken 20 days, 
pheasant and quail 23 days, turkey and duck 27 days, and goose 30 days.) 





ALLANTOIC AND AMNIOTIC FLUIDS 143 


However, when the amounts are considered in relation to the size of the egg, it 
is found that the allantoic fluid at the peak of accumulation is approximately 9 
to 10 per cent of the original egg weight, while the amount of amniotic fluid at 
its peak is about 8 to 9 per cent. 

The peak for the allantoic fluid is reached shortly after the middle of the 
incubation period, and corresponds in general with the observations of Kamei 
(1927), and Ogorodniy and Penionschkevitsch (1939) on chicken eggs. The 
volume of fluid shows a fairly regular rise, and, after reaching the peak, it falls 
with nearly the same rate. 

The duration of the period in which there is a high percentage of fluid in the 
egg is apparently longer with the amniotic than with the allantoic fluid. The 
peak of volume of amniotic fluid occurs somewhat later during incubation, and 
there is a slight depression in the curve occurring at approximately the time of 
highest allantoic accumulation. This depression was found to be greatly exag- 
gerated with chicken eggs under natural incubation (Ogorodniy and Penion- 
schkevitsch, 1939). 


Specific gravity of fluids under normal conditions 


The specific gravity of allantoic fluid rises throughout the period of incubation, 
increasing most rapidly during the early and late stages of development (Figure 3). 
On the other hand the specific gravity of amniotic fluid (Figure 4) reaches a peak 
at about two-thirds of the incubation period and rises most sharply during the 
time in which the allantoic fluid shows the least change. The data agree with a 
few observations of Kamei (1927), and Ogorodniy and Penionschkevitsch (1939) 
for chicken eggs. 


Hydrogen-ion concentration of fluids under normal conditions 


With both allantoic and amniotic fluids of chicken eggs, as well as of turkey, 
duck and goose (Anser domesticus) eggs (Shklyer, 1937), there was found to be a 
definite trend in hydrogen-ion concentration (pH) during the period of incubation 
(Figures 5 and 6). In the allantoic fluid it decreased at a moderate rate from 
high alkalinity at about the mid-period to medium acidity at the time of hatching. 
On the other hand, it showed a more direct relationship with the amniotic fluid 
and with the stages of incubation. In general, it dropped steadily from medium 
alkalinity to slight acidity. The hydrogen-ion concentration of the amniotic 
fluid decreased at a slower rate than that of the allantoic fluid and thus was 
limited to a narrower range. 

In some data presented by Aggazzotti (1913), Gueylard and Portier (1925) 
the hydrogen-ion concentration for allantoic fluid seemed to follow a curve convex 
to the abscissa but always near neutrality. 


Volume of fluids under extreme temperatures 


The accumulation of allantoic fluid of chicken eggs was noticeably influenced 
by abnormal temperatures (Figure 7). The greatest volume of 7.3 cc. occurred 
under normal temperature, while the next highest level of 6.7 cc. occurred under 
slightly abnormal temperatures of 38.5° and 36° C. With increasingly abnormal 
conditions at 39.5° and 34.5° C. the volume level was reduced to approximately 





144 ROMANOFF AND HAYWARD 


4.5 cc. Earlier work (Romanoff, Smith and Sullivan, 1938) showed a still lower 
level of the fluid, less than 2 cc. at 40.5° C. 

Concomitantly there occurred a shifting of peaks of accumulation, the peak 
occurring early under high temperature and late under low temperature. This 
coincides with the growth response of the embryo to abnormal temperatures 
(Romanoff, Smith and Sullivan, 1938). 
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FicurRes 7 To 12. Influence of incubating temperature on the volume (Figures 7 and 8), 
specific gravity (Figures 9 and 10) and hydrogen-ion concentration (pH) (Figures 11 and 12) 
of allantoic and amniotic fluids of chicken eggs. 


Normally there were observed two successive almost equal peaks of accu- 
mulation of amniotic fluid (Figure 8). The time of occurrence of the first peak 
was noticeably affected by the temperature; it occurred early under high tem- 
perature and late under low temperature. This also seems to follow the general 
growth response of the embryo to various temperatures. 

The depression occurring between the peaks of volume is wider at high and 
narrower at low temperature since the second peak occurs at approximately 
normal time. This second point of maximum volume is extremely exaggerated 
under both high temperatures 38.5° and 39.5° C., and follows a much greater 
depression than occurs under lower temperatures. Similar changes in volume of 
amniotic fluid were observed by Ogorodniy and Penionschkevitsch (1939) at 
incubating temperatures of about 39° C, 
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Specific gravity of fluids under extreme temperatures 


The physicochemical properties of the fluids of chicken eggs were also definitely 
altered. There was a marked tendency for the specific gravity of the allantoic 
fluid to increase at a faster rate with higher temperature (Figure 9). Further- 
more, this increase occurred earlier during incubation with higher temperatures, 
although all values increased, in general, with the corresponding morphological 
age of the embryo. 

The amniotic fluid at the beginning showed a slightly lower specific gravity 
than the allantoic fluid under similar conditions (Figure 10). Then at the mid- 
period of the development with high temperature it rose very rapidly and 
remained at a somewhat higher level than under normal conditions. With low 
temperature the rise in specific gravity was delayed and on a whole insignificant. 
This gave great differences in value under the extreme temperatures. 


Hydrogen-ion concentration of fluids under extreme temperatures 


The allantoic fluid showed a delayed initial decrease in hydrogen-ion concen- 
tration with a decrease in temperature (Figure 11), but the rate of decrease in 
values under all conditions was at approximately the same rate. 

The change in hydrogen-ion concentration of the amniotic fluid (Figure 12) 
was almost lineal with development, the values decreasing more rapidly at low 
and more gradually at high temperatures. 


DISCUSSION 


The changes in volume and composition of both allantoic and amniotic fluids 
are closely associated with the water metabolism of the avian egg. From the 
fact that there is a plentiful supply of water in the egg, Gray (1926) suggested 
that this makes it possible for the eggs of land vertebrates to develop without 
an external water supply such as that provided for their fish-like ancestors. The 
formation of an amnion and an allantois in an avian egg is therefore possible, 
with the aid of osmotic and other physicochemical activities within the egg, in 
spite of a continuous loss of water by evaporation. According to Needham 
(1931), the osmotic pressure of the embryonic body, for example, rises steadily 
as development goes on, that of the amniotic liquid stands more or less stationary, 
and that of the allantoic liquid greatly declines. This in turn may have an 
intimate relationship to the specific gravity of allantoic and amniotic fluids. 

The increase in volume of allantoic fluid is required to assist in the excretion 
of uric acid (Fiske and Boyden, 1926; Romanoff, Smith and Sullivan, 1938). 
The reabsorption of water. from the allantois must begin very soon after the 
mid-period of development, because its uric acid content is increasing, while its 
volume is remaining steady or diminishing (Romanoff, Smith and Sullivan, 1938). 
The uric acid maximum follows ammonia and urea maxima during ontogenesis 
(Needham, 1926). In fact, the change in hydrogen-ion concentration of the 
allantoic fluid during the last half of incubation from an alkaline to an acid state 
has been explained in the relationship of urea and ammonia to uric acid (Aggaz- 
zotti, 1913). It has been shown (Fiske and Boyden, 1926) that the allantois is 
functional in the excretion of nitrogeneous waste products as early as 2.5 days. 
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The excessive secretion of allantoic fluid then apparently coincides with the 
maximum for uric acid in order to assist in the excretion of the nitrogenous waste. 

On the other hand, the amniotic fluid reaches what is practically its maximum 
by the mid-period of incubation. It was found by Ogorodniy and Penion- 
schkevitsch (1939) that penetration of large amounts of albumen into the am- 
niotic cavity is responsible for this increase in volume, and also for the increase 
in its protein content. These lead to a greatly heightened viscosity of amniotic 
fluid. Close to the end of the developmental period, however, the embryo 
swallows up a large quantity of amniotic fluid and its volume rapidly decreases. 

The marked reduction in volume of allantoic fluid at both high and low tem- 
peratures would indicate the underdevelopment of the allantois. This presum- 
ably is associated with the developmental restrictions in extra embryonic circu- 
lation. The observations of Tazelaar (1928) and Romanoff (unpublished) show 
that during the first week of incubation there is a noticeable maldevelopment of 
the area vasculosa. Also the presence of greater amounts of uric acid during 
later stages (Romanoff, Smith and Sullivan, 1938) gives further indications that 
the metabolic equilibrium of the embryo is upset by adverse thermal conditions. 

The changes in physical properties of both fluids, as was anticipated, were 
largely in line with the accelerated or retarded development both of the embryo 
and of its membranes as induced by high or low temperatures. 


SUMMARY 


Under normal conditions of incubation the relative volume and _ physical 
properties of allantoic and amniotic fluids are nearly identical in chicken, pheasant, 
quail, turkey, duck and goose eggs. 

Under high and low temperature the fluids are altered in respect to both 
volume and physical properties. In general, the course of changes follows the 
morphological age of the embryo. The volume of allantoic fluid was suppressed, 
while that of amniotic fluid was excessively enlarged during the later part of 
incubation under high temperature. The time of increase in density was shifted 
in both fluids along with the developmental stage of the embryo; there was also a 
noticeable reduction in the density of the amniotic fluid at low temperature. 
The drop in hydrogen-ion concentration of allantoic fluid was nearly identical, 
except for the time factor, while the values for amniotic fluid decreased more 
rapidly at low and more gradually at high temperatures. 
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PHYSIOLOGICAL OBSERVATIONS UPON A LARVAL EUSTRON.- 
GYLIDES. IV. INFLUENCE OF TEMPERATURE, pH AND 
INORGANIC IONS ‘UPON THE OXYGEN CONSUMPTION 


THEODOR VON BRAND! 


(Department of Biology, The Catholic University of America, Washington, D. C.) 


Experiments described in two previous papers of this series (von Brand, 1938, 
1942) showed conclusively that a larval Eustrongylides, occurring encysted in 
Fundulus, leads a predominantly oxidative life while in the fish. The evidence 
was derived on the one hand from experiments comparing the glycogen con- 
sumption of aerobically and anaerobically kept Eustrongylides larvae with that 
of animals living under natural conditions either purely oxidatively (earthworm, 
etc.) or primarily anoxidatively (Ascaris). The second approach consisted in 
comparing the gaseous exchange of freshly isolated worms, with that of larvae 
previously exposed to a period of anaerobiosis. The fact that this larval 
nematode has an oxidative metabolism is of considerable interest, since with the 
exception of Trichinella larvae (Stannard, McCoy and Latchford, 1938), most 
parasitic worms that have so far been studied possess a predominantly fermen- 
tative type of metabolism. It seemed of interest therefore to investigate the 
influence of various factors upon the oxygen consumption of this worm. 


MATERIAL AND METHODS 


As in previous experiments only medium-sized to large worms were used, 
and, depending upon the size, from four to five of these larvae constituted an 
experimental lot. The oxygen consumption was again determined by the 
Warburg method. The details of the experimental procedure have been de- 
scribed adequately in the second paper of this series (von Brand, 1942). It 
should be added that the vessels were shaken 100 times per minute with an 
amplitude of 3cm. Control experiments showed that this rate was sufficient to 
establish a satisfactory equilibrium between air and water. The temperature 
and the saline solutions used varied in the different series, the details will be given 
at the appropriate places in the following sections. 


INFLUENCE OF TEMPERATURE 


One factor that under natural conditions will be of the greatest importance 
in determining the metabolic level of Eustrongylides is the temperature. The 
worms in the intermediate host are, during the varying seasons of the year, 
exposed to temperatures ranging from near the freezing point to about 25° C. 
Cowles (1930) found during his survey of Chesapeake Bay in his area U near 
Baltimore, surface temperatures ranging from 0.3° C. to 24.8° C. and bottom 


1 The author is indebted to the Elizabeth Thompson Science Fund for a grant towards the 
purchase of the respiration apparatus used in this investigation. 
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temperatures varying between 0.9° C. and 24.4° C. Once the parasites enter 
the definitive host, probably a heron, they are exposed to the higher, but constant 
temperatures characteristic of birds. An investigation of the temperature 
influence upon the oxygen consumption seemed therefore desirable and the more 
so, as aquatic animals—parasites must be compared with them rather than with 
terrestrial forms—encountering such a wide range of temperature fluctuations 
in their normal surroundings are relatively rare. Furthermore with the exception 
of a few experiments of McCoy (1930) on infective larvae of Ancylostomum 
caninum no work on the temperature relationships of the respiration of helminths 
seems to have been performed. 

The results of the temperature experiments are summarized in Table I. For 
each experiment freshly isolated worms were used. This, of course, introduces 
the biological variation between various lots as a source of error. It seems, 


TABLE I 


Oxygen consumption of a larval Eustrongylides at different temperatures 


cmm. O2 consumed/gm./half hour 





Temperature Determination ——— — —— — — ee — 
~ number Mean value of Mean value after exclusion 
all readings of first reading 
5 8 45+ 0.4 3.52 0.3 
i( 7 91+ 0.6 7.32 0.6 
17 8 170+ 1.7 15.74 14 
22 7 35 + 4.1 | 32 + 4.6 
27 7 54 + 5.7 53 + 5.7 
32 7 64 +10 62 +10 
37 19 76 + 4 75 + 4 
42 7 9§ + 8 90 + 7 
45 8 113 + 5§ 107 + 4 
48 7 131 +13 117 +16 


| 
| 
| 
| 
| 
| 


however, preferable to use this method rather than to employ the same worms 
for determinations at several or all temperatures. This would have required 
long periods outside the host, during which time the metabolism sinks somewhat, 
even under the most favorable conditions. It is believed that the number of 
experiments is sufficient to eliminate gross errors due to biological variation. 
Most experiments were conducted for four hours with readings at half hour 
intervals. Below 17° C., the readings were taken only hourly, and at 5° in two 
to two and one-half hour intervals. In these cases the experimental periods ex- 
tended up to eight hours. All temperatures with the exception of that of 48° C. } 
were well tolerated by the nematodes. At 48°, however, the O2 consumption was f 
high only for two hours. It then sank rapidly, indicating an injury to the worms. 
They in fact became more or less rigid and did not recover. At 45° C., on the 
other hand, the worms survived well; after the experiments they were kept for 
several days at room temperature and showed normal motility during this time. 
At all temperatures the first reading was somewhat higher than were the 
subsequent ones. This is due, as discussed previously (v. Brand, 1942), to the 
repayment of a small oxygen debt contracted in the cysts. The following dis- 
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cussion is based on the mean values obtained after excluding the first reading, 
but the conclusions reached would not be changed materially if the first values 
were included. 

An analysis of the values obtained shows that the increase in O2 consumption 
with rising temperatures does not follow Krogh’s (1914) normal curve. Two 
curves were necessary to express the temperature relationships adequately. The 
Oxo of the temperature interval 5 to 27° C. is 3.55, whereas in the range of 27 to 
48° C. a Qyo of 1.48 is found (Figure 1). Similarly two bisecting lines resulted if 
the values were calculated according to Arrhenius’ formula (Figure 2). It is of 
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FiGuRE 1. The Qio of the oxygen consumption of a larval Eustrongylides. 
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FiGuRE 2. The oxygen consumption of a larval Eustrongylides expressed according to 
Arrhenius’ formula. 


interest to note that 27° C. is one of the critical temperatures where according 
to Crozier (1926) a break in the curves is frequently found. The yu values too 
are well within the range of those frequently found in biological processes 
(Crozier, 1926a). These findings might be interpreted with Crozier (1925) on 
the assumption that two master reactions are involved. One might even be 
tempted to correlate them with the life history of the worm: One of the master 
reactions would conceivably control the metabolism of the larva in the fish—the 
turning point of the curves is near the highest temperature to which Fundulus 
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is exposed in this region, the other would be characteristic for the processes 
proceeding once the definitive host is reached. I am, however, at the present 
time not prepared to draw such a sweeping conclusion: it should be remembered 
that several investigators (Bélehradek, 1935; Ponder and Yeager, 1930) have 
raised serious objections against Crozier’s interpretations of the significance of 
bisecting lines resulting from the application of Arrhenius’ formula. Bélehradek 
(1935) has proposed a formula that frequently allows the temperature relation- 
ships to be expressed by a straight line, where other formulae require two. The 
Eustrongylides values are presented, according to Bélehradek’s formula, in 
Figure 3. They show a fairly good fit to a straight line. It should be remem- 





Lo ul 2 is 4 15 16 Ww 
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FiGuRE 3. The oxygen consumption of a larval Eustrongylides expressed according to 
Belehradek’s formula. 


bered, however, that the constant a@ is purely arbitrary, and has to be chosen 
differently from case to case. If it is changed even a few degrees the single line 
relationship does not hold in the present case. It seems to the writer that 
further progress in the question of temperature relationship might be expected 
from a simultaneous investigation of various metabolic processes at different 
temperatures. 

INFLUENCE OF PH 


Another factor that may vary considerably in the natural environments of 
Eustrongylides is the hydrogen ion concentration. Although no actual data are 
available it can perhaps be expected that the cyst fluid formed by the fish may, 
like many other secretions of the body, have a pH fluctuating around the neutral 
point. But as soon as the worm is freed from the cyst in the body of the definitive 
host the situation becomes different. It is reported to live in the glands of the 
fore stomach of aquatic birds or in the fat around the gizzard, but it has also been 
recovered from the intestines and omentum (Jaegerskioeld, 1909; Cram, 1934). 
Hunter (1937) found immature adults threaded in and out the stomach wall of 
the black crowned night heron and the little green heron. Before establishing 
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itself in its final position the worm will be exposed to the digestive juices. No 
data on the pH of these heron species were found in the literature, but Mennega 
(1938) investigated the pH of the stomach content and stomach wall of a 
European species of heron. She found after 24 hours starvation, pH values of 
2.40 and 3.10 respectively for the fore stomach, while the pH of the contents 
varied from 3.56 to 6.10 and those of the wall from 4.14 to 5.75 after food had 
been taken in 45 minutes to 3} hours prior to the determinations. Cases in which 
the respiratory rate varies in solutions of different pH are known from organisms 
belonging to various phyla. In the holothurian Thyone, for example, Hiestand 
(1940) found a steady increase in respiration in the pH range 5.4 to 8.8, whereas 
Hiestand and Hale (1938) found an increased O2 consumption in fresh water 
molluscs when the pH was lowered. Maier and Coggeshall (1941) found that 
the rate of O2 consumption of a malaria parasite (Plasmodium Knowlesi) remained 
constant between pH 7.0 and 8.0, but declined rapidly between pH 8.0 and 9.0. 
Cook and Sharman (1930) found a marked influence of the pH on the CO, output 
of Moniezia, but their results need confirmation since the experimental periods 
used exceeded by far the length of time in which these worms remain normal in 
inorganic solutions according to the experience of other investigators. 

The parasitic nematodes seem never to have been used for a study of this 
type. Since the pH seems to be at least in some cases a limiting factor in the 
distribution of these parasites in the host (Davey, 1938), a study of the influence 
of pH on the O2 consumption was undertaken. In order to get and maintain the 
intended hydrogen ion concentrations, Sérensen’s phosphate (1/15 molar) and 
citrate buffers (1/10 molar) were used. The necessary amounts of NaCl were 
added to make the solutions isotonic to a one per cent NaCl solution. Three 
to five worms were isolated from the fish and kept for 24 hours at 37° in about 
30 cc. of the solution in order to adapt them as far as possible to these media. 
After 24 hours the O2 consumption was determined over a period of four hours. 
For each experiment a new batch of two to five worms was used, the temperature 
was 37° C. A total of 74 experiments was performed, covering the pH range of 
1.13 to 10.60. The worms withstood the total period of 28 hours in these solutions 
without harm, their viability was controlled by transferring them after the deter- 
minations to one per cent saline for two days during which time they invariably 
showed normal motility. The extreme acidities and the alkalinity of pH 10.6 
could, however, not be tolerated for a much longer period. Separate experiments 
showed that the worms cannot be kept longer than about two to three days in 
these solutions at 37° C. without permanent injuries, whereas they lived con- 
siderably longer in the other solutions. 

The results are given in Figure 4. It is apparent that between pH 3.4 and 
8.3 the O2 consumption remains on an average quite constant, the average rate 
being 76 cmm./gm./} hr. The only exception occurred at pH 4.5, where a 
somewhat higher O. consumption was found in a phosphate buffer solution. This 
solution contained only KH:PO, + NaCl. It seems possible that the increased 
rate may be only an expression of the biological variability, but it is equally 
possible that it is due to a stimulating effect of the K ion, which is pronounced 
in pure solution as will be shown in a following paragraph. In the acid range a 
distinctly increased rate of O2 consumption was found at pH 1.13 and 1.80. This, 
probably, as an observation of the worms shows, is due to an increased muscular 
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activity. This may be of biological significance. The worms have to bury 
themselves into the mucosa of the fore stomach and are then probably exposed 
toa very low pH. This may then be the stimulus necessary for the initiation 
of the boring movements. 

An increased O2 consumption was also observed in the extreme alkaline range. 
This is probably without biological significance, since it seems unlikely that the 





Figure 4. Oxygen consumption of a larval Eustrongylides in salines of various pH. Dots— 
single determinations, crosses—mean values. P—Phosphate buffer, C—Citrate buffer. 





nematodes will in their natural environments be exposed to similar conditions. 
It may be assumed that this is an expression of increased activity due to 
unfavorable surroundings. 


INFLUENCE OF INORGANIC IONS 


Experiments discussed in a previous paper (von Brand, 1942) showed that 
the molecular concentration of the medium could be changed in rather wide 
limits without interfering with the oxygen uptake of the parasite under con- 
sideration, or without changing its life in vitro to a marked extent (von Brand 
and Simpson, 1942). These findings were believed to be of biological importance, 
since the complicated life cycle of this worm, although incompletely known, 
includes actually a variety of natural ‘“‘media.’’ The eggs are probably passed 
out from the host into water, possibly both fresh and brackish water, judging 
from the regions from which the parasites have been reported. It seems likely 
that two intermediate hosts are involved; the first is not yet known definitely, 
but is probably a crustacean. As second intermediate host a variety of different 
fish may serve, and, as already mentioned, aquatic birds are the definitive hosts. 
Besides differences in concentration, differences in chemical composition, both in 
regard to organic and inorganic constituents also may be expected in these various 
habitats. Since inorganic ions frequently have a marked influence upon 
respiration (some of the pertinent facts are reviewed in Heilbrunn, 1937, and 
Canzanelli, Rogers and Rapport, 1942), the respiration of Eustrongylides was 
studied in solutions of various ions. 

Solutions isotonic to a 1.0 per cent NaCl solution were used throughout this 
work. The following cations were used in the form of their chlorides: Na, Mg, 
Ca, NH,, K, and the following anions in the form of their sodium salts: Cl, SO,, 
NO:, NO; and PO,. The pH of all solutions was in the range not affecting the 
oxygen uptake, in the case of the PO, ion this was achieved by using a mixture 
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of equal parts of NasgHPO, and NaH2PQ,. All experiments were conducted at 
37° C. and for each solution eight different lots of worms were used. Deter- 
minations of the oxygen consumption were performed immediately after the 
freshly isolated worms had been washed thoroughly with the respective solutions, 
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FIGURE 5. 


Oxygen consumption of a larval Eustrongylides in isotonic solutions of various 
anions. 


The upper part of the figure shows the average O2 consumption on specified days, the 
lower part the average O2 consumption over the entire period of observation. 
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FiGuRE 6. Oxygen consumption of a larval Eustrongylides in isotonic solutions of various 
cations. The upper part of the figure shows the average O2 consumption on specified days, the 
lower part the average Oz consumption over the entire period of observation. 
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after 24 hours and 48 hours. The parasites were kept in 30 cc. of the various 
solutions at 37° C. between the determinations. It was, however, impossible to 
secure the 48 hours value in the case of KCI or the 24 and 48 hours values in the 
case of NaNOs, since the worms did not survive long enough. All the other 
solutions were tolerated remarkably well. It does not seem very likely that the 
well known relative impermeability of the nematode cuticle is the responsible 
factor since the total average survival was longest in NaCl and definitely shorter 
in all other solutions. An exception is perhaps MgCl: The worms kept in this 
solution for days showed no sign of anesthesia which both in vertebrates and 
many invertebrates is one of the best known effects of the Mg ion. It should be 
remembered that the Mg ion is known to decrease permeability. It seems sug- 
gestive that the average oxygen consumption in the MgCl, solution was only very 
slightly higher than that found in a pure NaCl solution, the difference may well 
be within the limits of experimental error. The results of these experiments are 
summarized in Figure 5 and Figure 6. The stimulating effect on oxygen consump- 
tion is represented by the following two series: 


Cations: Na = or slightly < Mg < Ca = NH, < K. 
Anions: Cl = or slightly < SO, < NOz = NO; < POs. 


The increase in oxygen consumption was especially pronounced in the KCI 
solution, the rate being about twice that found in an isotonic NaCl solution. 
This stimulating effect of the K ion is in line with experiments reported by other 
investigators on a variety of objects (literature in Heilbrunn, 1937). 


SUMMARY 


1. The temperature range tolerated by a larval Eustrongylides is great. The 
worms were not harmed by temperatures between 5° C. and 45° C., but 48° C. 
proved to be injurious. 

2. The oxygen consumption was studied in this temperature range. Its 
increase with rising temperature could be expressed by two lines only, if the Quo 
was calculated or if Arrhenius’ formula was used. A fairly good fit to a single 
line resulted however if Bélehradek’s formula was applied. 

3. The oxygen consumption remained practically unchanged in the pH range 
3.4 to 8.3, but it was increased in the pH ranges 1.1 to 2 and 9 to 10.7. It is 
possible that the increase in the extreme acid range is of biological significance, 
while that in the extreme alkaline range is probably only a reaction to unfavorable 
environmental conditions. 

4. The oxygen consumption was studied in a series of isotonic solutions of 
various inorganic substances. Of all the solutions tested, only NaNO, and to a 
lesser degree KCI were definitely toxic. The oxygen consumption was stimulated 
by various ions according to the following series: 


Cations: Na = or slightly < Mg < Ca = NH, < K. 
Anions: Cl = or slightly < SO, < NO. = NO; < PO,. 
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FURTHER EXPERIMENTS ON CELLULOSE DIGESTION 
THE PROTOZOA IN THE RUMEN OF CATTLE 


R. E. HUNGATE 


(University of Texas, Austin) 


Studies on Diplodinium (Eudiplodinium) neglectum Dogiel have shown that 
this rumen protozoan may be grown continuously in vitro and that it possesses 
the capacity to digest cellulose (Hungate, 1942). Since the various species of 
rumen protozoa may differ in their ability to digest cellulose it has seemed desir- 
able to extend the investigation to additional forms before drawing any general 
conclusions on the role played by the protozoa in the nutrition of their host. 

By employing modifications of the culture technique used with D. neglectum 
it has been possible to grow D. (Eudiplodinium) maggii, D. (Polyplastron) multi- 
vesciculatum, D. (Anoplodinium) denticulatum, and Entodinium caudatum. These 
forms have been identified with the aid of Dogiel’s monograph (1927). They 
correspond fairly closely to his descriptions, with one exception which is noted 
below. 


EXPERIMENTS WITH DIPLODINIUM MAGGII 


Cultures of D. maggii were obtained by inoculating fresh rumen contents into 
40 milliliters of a balanced salt solution (Hungate, 1942) containing 30 milligrams 
of dried ground grass (Lolium italicum). The cultures were incubated at 39° C, 
under anaerobic conditions. D. maggii, D. neglectum, and a few Entodinium 
survived and grew in this medium. 

One-half of each culture was transferred every 48 hours in order to prevent 
accumulation of staling products. To the transferred portion were added 20 
milliliters of fresh salt solution and 15 milligrams of grass. A small sample (0.1 
to 0.5 milliliter) was regularly removed and examined microscopically as a means 
of following growth of the protozoa and the suitability of the culture methods 
employed. The 48-hour interval between transfers was soon found to be too 
long. The protozoa appeared sluggish just before transfer and occasionally dead 
ones were seen. This was prevented by decreasing the time between transfers 
to 24 hours. 

Clone cultures were obtained by isolating single individuals in 5 milliliters 
of salt solution plus grass. Special anaerobic vessels permitting frequent obser- 
vations through a binocular dissecting microscope were used. In six clones the 
protozoa were counted three days after isolation and counts of 5, 4, 9, 8, 10, 
and 8, respectively, were obtained. The grass particles tended to hide some 
individuals and so the count was probably slightly less than the number actually 
present. The number seen is about that to be expected if the division rate is 
of the order of magnitude of once per day. This rate is also suggested by the 
fact that the concentration of individuals in the cultures remained approximately 
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constant even though in transferring they were diluted daily with an equal 
volume of fresh medium. 

D. maggii has been carried in the laboratory as a mixed protozoan culture for 
two months and as a clone culture for three more months. The concentration 
of individuals at the time of transfer has fluctuated between 10 and 100 per mil- 
liliter during most of the culture period. After the clone culture had been 
carried for three months the number of individuals decreased to only one or two 
per milliliter and the culture was discontinued. 

During the period when the concentration of protozoa was fairly high the 
clone was used for experiments on cellulose digestion by extracts prepared from 
the protozoa. The number of flask cultures was increased to 32. Sixteen of 
these supplied protozoa for cellulase tests whereas the others were transferred. 

The flasks supplying protozoa for the extracts received at the last transfer 
a small amount of a suspension of finely divided cellulose in addition to the 
grass. The gas produced by fermentation of the cellulose carried both cellulose 
and grass to the top of the liquid medium. The protozoa collected on the 
bottom and could be pipetted off without disturbing the surface cap. They were 
strained through bolting silk, washed, and allowed to settle in a large volume of 
the balanced salt solution. By these manipulations the protozoa were separated 
from most of the grass particles. They were either used immediately for enzyme 
extracts or if it was desired to subject them first to a period of starvation (see 
below) they were transferred to 50 milliliters of fresh inorganic solution in another 
flask and left for a time without food. 


TABLE I 


Results of ¢ cellulase angers with D. maggit 


i 
Boiled j Boiled 
Extract | 
protozoan of debris extract 


Starvation extract | weer, 
period plus | 
cellulose edliaines 


extract of debris 
plus plus 
cellulose cellulose 


Experiment plus 


cellulose 


| 4 hours +++* a 


} 
Protozoan | Protozoan = = 
| 
| 


4 hours +++ 


1 | 

2 | 

3 12 hours oe | 
| } | 





* +’s indicate the approximate magnitude of the reduction; + represents only a trace of 
reducing material; — shows that no reducing material was formed. 


Extracts from the protozoa were tested for their cellulolytic activity at a pH 
of 5.8. Reduction of Benedict’s solution served to measure the sugar formed. 
In the first experiment there was almost as much reducing material formed in a 
sample of the extract alone as in the extract plus cellulose. In subsequent experi- 
ments the protozoa were starved for a short time before extraction. With this 
precaution it was possible to decrease the amount of reduction due to the extract 
itself. 

The results of several experiments are shown in Table I. The number of 
plus signs indicates the magnitude of the reduction observed. 

These experiments provide positive evidence of a cellulase in D. maggit. 
Since extracts of the debris in the culture (partially decomposed grass and cel- 
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lulose containing numerous bacteria) show no cellulolytic action it must be con- 
cluded that the demonstrated cellulase is elaborated within the bodies of the 
protozoa. It cannot be ascribed to the cellulose-decomposing bacteria which 
are present in the culture. 

The ease with which reserve carbohydrates can be demonstrated micro- 
scopically in Diplodinium (Schulze, 1924; Trier, 1926) suggested another approach 
to the problem of cellulose digestion. A batch of D. maggii was washed and 
then starved. After seven hours of starvation and again after 11 hours a small 
sample was removed and stained with iodine. A photomicrograph of the stained 
7-hour sample is shown in Figure la and of the 11-hour sample in Figure 1b. 
The paraglycogen appears black in the figures. 





FIGURE 1. (a) D. maggii, starved seven hours and then stained with iodine; (b) starved 
11 hours; (c) starved 13 hours; (d) starved 11 hours, then fed cellulose and photographed after 
two more hours. 


It is evident from the figure that most of the food reserves are depleted after 
11 hours, suggesting rather high metabolic requirements. The protozoa are not 
entirely uniform in this respect, however. Some still contain reserve food, due 
either to greater initial stores or to feeding on the few grass particles not removed 
by washing. Others appear entirely devoid of paraglycogen though still living. 
Some succumbed during the starvation period, as found by microscopic examina- 
tion of an unstained sample. 

At the same time that the sample pictured in Figure 1b was obtained two others 
were also removed. One was placed in a small tube of inorganic solution and 
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the other was similarly treated except that a small amount of a fine cellulose 
suspension was added. The cellulose was almost instantly ingested by most 
of the living protozoa. After two hours of incubation at 39° C. the protozoa were 
removed from each of the tubes, stained with iodine, and photographed. The 
results are shown in Figure 1c for the protozoa receiving no cellulose and in 1d 
for those with cellulose. The ingested cellulose itself gives a dark appearance 
to the central portions of the fed animals and this should not be confused with 
the paraglycogen which was deposited. The paraglycogen is present in the tips 
of the cells (indicated by arrows in Figure 1d) whereas the cellulose is in the large 
central digestive sack. The individuals which show no cellulose or paraglycogen 
are those which had succumbed to starvation. In the sample without cellulose 
(Figure 1c) most of the cells are devoid of paraglycogen, in marked contrast to 
the fed. 

This experiment shows the rapidity with which cellulose is digested and 
assimilated by D. maggti. Bacteria could hardly exert any significant digestive 
action on the cellulose during the short time (two hours) between its addition and 
the appearance of reserves in the protozoa, particularly when the thorough 
washing of the protozoa is recalled. Thus, these observations fully support the 
conclusion that D. maggii forms a cellulase. 


EXPERIMENTS ON DIPLODINIUM MULTIVESCICULATUM 


This interesting species shows numerous contractile vacuoles instead of the 
usual two. It also has two narrow skeletal plates on the right side and sug- 
gestions of skeletal structures on the left. The specimens cultured resembled 
those described by Dogiel (1927) with the exception that the skeletal plates on 
the left side were not as definite as in his description. They seemed to be 
influenced by the state of nutrition of the protozoa and were less apparent in 
poorly fed individuals. 

D. multivesciculatum was found in cultures containing grass and cellulose and 
also in those containing grass and starch. Later it was discovered that best 
growth occurred with grass, cellulose, and ground wheat. This medium was 
used to grow the protozoa during most of the period (100 days) in which the 
laboratory culture was maintained, 

Growth of D. multivesciculatum was slower than that of maggii or neglectum 
and the concentration of the protozoa could be maintained only when 2-day trans- 
fers were made. This indicates a division rate of once in 48 hours. The concen- 
tration was around 100 individuals per milliliter under the most favorable 
conditions. 

D. multivesciculatum seemed to be more sensitive to environmental changes 
than were any of the other protozoa studied. Individuals of most species showed 
normal activity for some time after being removed from the culture and placed 
in a depression slide for microscopic examination. In the case of multivesciculatum 
only rarely was a motile individual observed even when examined immediately 
after removal from the culture. 

Several attempts to obtain clone cultures were unsuccessful, presumably due 
to sensitivity to handling. However, multivesciculatum seemed to be fairly 
resistant to high acidity and cultures containing it as only the large protozoan 
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could be obtained from old flasks. Entodinium caudatum was the only other 
species of protozoa present. 

In order to test for cellulase the protozoa were raised in large numbers and 
freed of Entodinium and debris by straining through suitable meshes of bolting 
silk and by further washing. Extracts were prepared and gave positive tests for 
cellulase. In the cultures containing grass, cellulose, and wheat it was the 
cellulose that made up most of the material in the digestive sack. 


EXPERIMENTS ON DIPLODINIUM DENTICULATUM 


Protozoa of this species appeared in cultures containing cellulose and grass. 
Growth occurred also when ground wheat was added to this medium. Main- 
tenance of numbers during daily transfers indicated that the division rate was 
at least once every 24 hours. The concentration of individuals varied between 
100 and 300 per milliliter. 

A clone culture was obtained starting with an individual showing the six 
caudal spines characteristic of the species. After several weeks the descendants 
of this individual were of many morphological types. Individuals with no spines, 
with two poorly developed ones, and with several rudimentary spines were seen. 
No individuals with the six typical spines were found in the culture at this time. 
These observations fully substantiate Poljansky and Strelkow’s report (1934) on 
variation in this form. After two months the clone died in spite of efforts to 
maintain suitable conditions. 

Because of the small size no attempt was made to grow D. denticulatum in 
sufficient numbers to test extracts for cellulase. However, it is probable that it 
resembles D. maggit, multivesciculatum, and neglectum in being able to utilize 
this material. Cellulose is required in the culture medium and large quantities 
of it are ingested. 


EXPERIMENTS ON ENTODINIUM CAUDATUM 


Protozoa belonging to this genus were observed in most of the cultures inocu- 
lated with rumen contents and transferred at daily intervals. Only a small 
number were in the cultures containing grass or grass plus cellulose and they 
seemed to ingest very little of these substrates. When soluble starch was added 
they became more numerous and with ground wheat the concentration increased 
to 2000 to 5000 per milliliter. The starch and wheat were ingested to some 
extent but ingestion of large particles was not nearly as striking as in Diplodinium. 
In some cases food vacuoles filled with bacteria were seen. 

Individuals resembling E. simplex, E. longispinum, and E. caudatum were 
observed in the cultures. An individual classified as E. simplex was inoculated 
singly into a small amount of medium and a clone was obtained from it. After 
two weeks the members of the clone were examined microscopically and individuals 
similar to simplex, longispinum, and caudatum were observed. This is again in 
entire agreement with the observations of Poljansky and Strelkow on this form 
and indicates that simplex and longispinum are synonymous with caudatum. 

In contrast to Diplodinium, grass and cellulose could be omitted from the 
culture medium for E. caudatum when wheat was used as food. Omission of the 
cellulose did not affect the concentration of the protozoa, but omission of the 
grass resulted in some decrease in numbers. 
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The apparent inability of E. caudatum to use cellulose in the cultures sug- 
gested that cellulase was lacking. This was found to be the case when extracts 
were tested. No cellulase could be demonstrated even though the extracts were 
more concentrated than those giving positive tests in the case of Diplodinium. 


CELLULOSE DIGESTION BY OTHER RUMEN PROTOZOA 


The species of rumen protozoa reared thus far in the laboratory constitute 
only a small fraction of those inhabiting the rumen. However, the demonstration 
that Diplodinium species digest cellulose and that Entodinium caudatum does not, 
makes it possible to draw some fairly satisfactory conclusions regarding most of 
the other rumen protozoa. 

Species of Diplodinium resemble each other in their habit of ingesting large 
quantities of cellulosic plant materials. Out of four species of Diplodinium 
studied, a cellulase has been found in three and all evidence points to its presence 
in the fourth. The habit of ingesting large quantities of cellulosic materials thus 
seems to be accompanied by an ability to digest cellulose. Entodinium caudatum 
ingests very little cellulose and forms no cellulolytic enzyme. This correlation 
between the presence of cellulase and ingestion of cellulose probably holds also 
for the other rumen protozoa. Species ingesting large quantities of large plant 
particles digest cellulose whereas others do not. Their capacity in this respect 
can be ascertained by a direct microscopic examination of fresh rumen contents. 

Among the rumen protozoa which have been examined during the present 
investigation only species of Diplodinium have been observed to ingest large 
quantities of plant materials. The other protozoa studied have included species 
of Entodinium, Isotricha, Dasytricha, and Biitschlia and in none of them have 
plant parts been observed to be ingested in an amount comparable to that in 
Diplodinium. It is unlikely that any of them digest cellulose. 

The question of the utility of the rumen protoa to their host has hinged largely 
on whether they digest cellulose (Becker, Schulz and Emmerson, 1929). The 
ruminant itself produces no cellulase and its utilization of cellulose is thus de- 
pendent upon the microorganisms in the rumen. Those which digest cellulose 
aid the ruminant and may be classified as symbionts, whereas others are either 
slightly harmful or at best merely commensals. On this basis the various species 
of Diplodinium may be regarded as symbionts but Entodinium, Isotricha, 
Dasytricha, and Biitschlia are not. 


SUMMARY 


Diplodinium maggii, D. multivesciculatum, D. denticulatum, and Entodinium 
caudatum can be grown in flask cultures using as substrates grass, cellulose, and 
ground wheat, either singly or in combination, depending on the species being 
cultured. 

Clone cultures of D. denticulatum and E. caudatum show wide variations in 
the morphology of individuals in the clone. 

A rapid synthesis of food reserves from cellulose has been demonstrated in 
D. maggit. 

The results of cultural studies and of experiments on cellulose digestion by 
extracts of the protozoa show that the three species of Diplodinium digest cel- 
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lulose but E. caudatum does not. Microscopic observations indicate that .all 
species of Diplodinium digest cellulose, whereas Entodinium, Isotricha, Dasy- 
tricha, and Biitschlia do not. Thus, Diplodinium is the only protozoan which 
may be considered a symbiont. 
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METHYLENE BLUE, POTASSIUM CYANIDE AND CARBON 
MONOXIDE AS INDICATORS FOR STUDYING THE 
OXIDATION-REDUCTION POTENTIALS OF 
DEVELOPING MARINE EGGS 


MATILDA MOLDENHAUER BROOKS 
(The Marine Biological Laboratory, Woods Hole, and the University of California, Berkeley) 


The effects of inhibitors and accelerators of oxidations in marine eggs have 
been studied first by Warburg (1910) using sea urchin eggs. Riinnstrom (1930) 
made a detailed study of the effects of carbon monoxide, potassium cyanide, and 
methylene blue. Later on this was studied by Clowes and Krahl (1940). They 
used two stages of sea urchin eggs, unfertilized and fertilized. The present experi- 
ments' extend this work to further stages of Arbacia punctulata and Asterias 
forbesii, and measure the effects of the mentioned reagents on their oxygen con- 
sumption and development. 


METHODS 


Materials. Eight of these stages of Arbacia punctulata (Lam.) or Asterias 
forbesii (Desor.) were used: unfertilized and fertilized eggs, early cleavages, 
morula, blastula, early gastrula, late gastrula, and pluteus. The inhibitors of 
respiration were CO, 99.5 per cent pure,? and KCN, 5 X 10~* M; and the accel- 
erator, methylene blue, .002 percent. These concentrations were higher than 
those used by Riinnstrom and therefore caused more pronounced effects. 

Procedure. The experiments were done at Woods Hole, Massachusetts, from 
June to August, 1941. The oxygen consumption of a stated volume of eggs or 
larvae was measured in cubic millimeters per hour, according to the Barcroft- 
Warburg method, in a standard set. The technique used was that described by 
Dixon (1934). The vessels were standard conical type with wells inside to hold 
the KOH (.2 co. of 20 per cent KOH) for absorption of CO, and a side-arm or 


1In a preliminary report (Brooks, 1941) lower concentrations of KCN and methylene blue 
were used, viz., 2.5 X 10-*M and 1.2 X 10~ per cent. These concentrations were nearer the 
optimum value for antagonism experiments. 

2? Carbon monoxide was generated in the usual way by the reaction between formic acid and 
boiling concentrated H:SO,. This generator had been previously operated for several hours, and 
the gas was led directly by way of a condensor through soda lime to the Warburg respiration 
chamber. It was vented through the three-way cock at the top of the manometer, the Brody 
solution in the manometer forced up to the cock and then allowed to settle back to the mark (20). 
The direction of the flow was reversed several times, and the Brody solution allowed to fall to 
the zero mark again under flowing CO after being forced up to the cock. The gas consumption 
in the CO experiments, occurring principally in the first hour, suggests that air was trapped in 
dead spaces or that oxygen diffused into the system through the rubber connections as the CO 
was being led into the manometer. The amount of gas consumption in subsequent experiments 
indicates that not more than 0.5 per cent O2 was present in the vessels. An analysis of the method 
was made by Dr. W. B. Amberson by means of the Haldane method. This showed that there 
was 0.5 per cent O, present in the sample tested. 
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onset which contained the KCN or methylene blue solution, or sea water to be 
added at the expiration of the control readings. The eggs were collected by the 
methods recommended by E. B. Harvey and centrifuged at about 3000X gravity 
for one minute to give a concentrated suspension of loosely-packed eggs. They 
were not tightly packed, to avoid injury. Subsequent fertilization tests showed 
that 95 to 100 per cent fertilization membranes and normal cleavage were ob- 
tained. Four cc. of this suspension so obtained was diluted with sea water to a 
total volume of 30 cc. From this suspension 2 cc. was placed in each of the 12 
Warburg vessels, two vessels being reserved for controls, lacking eggs. These 
twelve vessels were used for the measurement of oxygen consumption of develop- 
ing eggs, including the vessels being used for normal control of eggs in sea water. 
The following conditions were established in one or another of the experiments: 


Control eggs in sea water, as above, always used. 

. Eggs in sea water to which methylene blue, (.002 per cent) was added.’ 
Eggs in sea water in an atmosphere of CO (99.5 per cent). 

Eggs in sea water to which KCN (5 X 10-* M) was added. 

Eggs in sea water with atmosphere of CO or in sea water plus KCN to 
which methylene blue (.002 per cent) was added. 


me 


To produce these conditions two procedures were involved: a) For KCN and 
methylene blue .5 cc. of a solution was placed in the side-arm of the vessel in 
such a concentration as to give the desired concentration when mixed with the 
eggs. This admixture was added without opening the vessels following a period 
of one hour in which the oxygen consumption had been measured. 6) Warburg 
vessels in which CO was used were filled with CO at atmospheric pressure by 
prolonged passage of freshly generated CO. Comparisons were instituted 
between the oxygen consumption formed in these with and without subsequent 
addition of methylene blue, and between these, CO-filled vessels and simultane- 
ously air-filled vessels. The two vessels lacking eggs contained: 


6. Vessels without eggs, but containing sea water. 
7. Barometric control. 


No attempt was made to measure the number of eggs used, as these experi- 
ments were not designed for absolute measurements of single eggs, but of the 
relative changes in the rates of approximately equal numbers of eggs as affected by 
the listed reagents. 

To make the procedure more comprehensible the details of a typical experi- 
ment are here given. There were 14 manometers in all, run simultaneously. 
Each set as listed in Tables I and II consisted of four different combinations in 
triplicate, plus the two controls listed above (No. 6 and No. 7). For example, 
there were three vessels in which eggs and sea water alone were used (controls) ; 
three vessels in which eggs in sea water with an atmosphere of CO were used; 
three vessels in which eggs in sea water to which methylene blue was added later; 
and three vessels in which eggs in sea water with an atmosphere of CO were used 


_ Fresh chemicals for each experiment were used. To dissolve methylene blue in sea water, 
it was rubbed up in a few drops of distilled water and smoothed to a paste before adding the sea 
water. The desired concentration was then made from this concentrated solution by adding 
seawater. In this way the error caused by adding a few drops of distilled water became negligible. 
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TABLE I 


Effect of methylene blue, CO and KCN in various combinations upon the oxygen consump- 
tion of different stages of development of Asterias forbesit and Arbacia punctulata. In each set 
there are four combinations in triplicate (in addition to the two controls). Columns 3 to 9 
represent the average cmm. O2 consumed per hour in each set. Probable error is less than 5 per 
cent of the mean. Concentration of KCN is 5 X 10-* M; methylene blue, .002 per cent; CO, 
99.5 per cent, temperature 20°; pH, 8.05; shaking by 50—60 excursions per minute of 6 cm. ampli- 
tude; volume of eggs presumably between 0.10 and 0.15 cc. in 2 cc. total per vessel. 


In air In CO In air 





aa Without With | Without With | B KCN | 
Number of | Number of| methylene | methylene methylene methylene +KCN +methylene +KCN 
experiments | sets blue blue blue | blue blue 


cubic mm. of Oz cubic mm. of Oz 


. . Os 
per hour per hour cubic mm. of O: per hour 


4. 5. 6. 








Immature eggs, Asterias 

— 6.1 — 
Unfertilized eggs, Asterias 

— 10 — 

40 8 9 
Fertilized eggs, Asterias 

58 4.5 5 
fertilized eggs, Arbacia 
9 10 


Un 

22 

Early cleavages, Arbacia 

42 — — 

28 5 6 
Morula, Arbacia 

33 8 8 


Blastula, Arbacia 
43 — | - 
29 3 6 


Early gastrula, Arbacia 

28 

87 4 4 
Late gastrula, Arbacia 

30 | 4 | 4 

Pluteus, Arbacia 


2! | 
2 a 5 
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TABLE II 


The relative effects of various reagents on eggs and larvae of Arbacia punctulata and Asterias 
forbesii recalculated from Table I. Columns A to E represent ratios 100 of rates of O2 con- 
‘sumption in the different experiments. Column A: the rate in the presence of methylene blue 
as compared with its absence; Column B: methylene blue and CO as compared with CO alone; 
Column C: KCN as compared with the control; Column D: KCN and methylene blue as com- 
pared with KCN; Column E: CO as compared with the control. Roman numerals refer to 
experiments in Table I, representing different stages of development from immature eggs to 
pluteus. Concentration of KCN, 5 X 10-* M; methylene blue, .002 per cent; CO, 99.5 per cent. 


A B | Cc D E 
Ratios 7 2 4 ; a =" ‘ F ; } a ae . : 
M.B. M.B.-CO KCN | KCN-M.B. co 
Control co Control KCN Control 
Number of Per cent Per cent Per cent Per cent 


experiments 


eo 


Immature eggs, Asterias 





I. - _ 50 — 42 
Unfertilized eggs, Asterias 
I] — 90 50 


II. 200 112 40 


Fertilized eggs , Asterias 








IV. 138 111 — 10 
Unfertilized eggs, Arbacia 
V. 183 111 92 . 75 
Early cleavages, Arbacia 
VI 116 _ 16 133 


Morula, Arbacita 
VILL. 122 100 - 29 


Blastula, Arbacia 


IX. 122 — 14 300 
X. 120 200 — 12 
Early gastrula, Arbacia 
XI. 100 ~- | 3 250 
XII. 100 100 — 4 
Late gastrula, Arbacia 


XIII. 100 100 13 
Pluteus, Arbacia 

XIV. 138 - 16 300 

CV 250 
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to which methylene blue was added later. This, plus the two controls listed 
above, makes 14 vessels. In this way all the combinations necessary for one 
experiment were done in triplicate with samples from the same suspension, at 
the same time, with the same temperature and at the same rate of shaking. The 
composition of the sets varied with the reagents used, but there was always a 
control for eggs or larvae in sea water, for sea water without eggs and for barometric 
pressure. In fact the experiments were doubly controlled: 1) Readings were 
taken for one hour before the reagents were added from the onsets, so that the 
contents of each separate manometer and vessel were read with and without the 
addition of the experimental solution. 2) In addition to this, manometers and 
vessels were set up containing eggs and sea water only, and onsets containing 
sea water only which was added at the same time the experimental solutions 
were added. 

The temperature was kept at 20.0 + .1° for all experiments. 

In a few of the cyanide experiments, the Krebs method was used to equalize 
the HCN pressure for the concentration of KCN used. No difference could be 
found between the results obtained with or without this modification. 

The rate of shaking of the manometers was about 50 to 60 round trips per 
minute at an amplitude of 6cm. This was found not to cause any injury to the 
eggs as shown by subsequent tests on eggs fertilized after shaking. These 
produced between 95 and 100 per cent development, which was the same as the 
per cent development in the unshaken eggs. This rate of shaking also allowed 
constant oxygen consumption for four hours or more. The experiments in most 
cases were run not more than three hours. In all the experiments, the rate of 
shaking was sufficient to keep the eggs evenly distributed throughout the solu- 
tion, but not enough to injure them as shown by tests of fertilizability. 

In measuring oxygen consumption in air, the rate during the first hour was 
taken as the basis. At this point the contents of the onsets were added and the 
measurements continued for one to two hours more or even longer. Readings 
were taken every 10 minutes and the change in the slope of the curves so obtained 
showed whether or not an effect was produced. The number of cmm. of O; 
consumed during intervals of ten minutes was calculated according to Warburg's 
equation (1924). Columns 3 to 9 of each table give the average number of cmm. 
of oxygen per hour for each set of experiments. 

The measurement of gas consumption, or removal when CO was involved, 
involves other bases which are referred to below. 

The probable error of the mean was less than 5 per cent of the mean in each case. 


RESULTS 


Effects on the rate of oxygen consumption 


The striking differences between the oxygen consumption by unfertilized eggs 
and by fertilized eggs is well known (Warburg, 1910). The differences in rate 
in the various stages used in the writer’s experiments are also significant. These 
will be discussed under the separate headings below (Tables I and IT). 

Table I gives the figures for the number of cubic millimeters of O2 consumed 
by the eggs. The figures are the averages of several similar experiments, their 
numbers being given in column 2. Since each set was done in triplicate these 
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figures are to be multiplied by three to indicate the number of separate experi- 


ments done. 
Table II is a summary and compilation of the effects of the various reagents. 


For example, under “‘A,’”’ methylene blue raises the rate of O2 consumption of 
unfertilized Asterias eggs to 200 per cent of the control. Column ‘‘C”’ shows 
that KCN depresses the rate of O2 consumption of early gastrulas to 3 per cent 
of that of the control. Column “‘D”’ shows that KCN and methylene blue 
acting together allow a rate of O2 consumption in early cleavages in Arbacia 
which is 133 per cent of that found when KCN is used alone. The Roman 
numerals refer to experiments in Table I, and represent different stages of 
development. 

Effects of methylene blue. This dye accelerates oxygen consumption. Unfer- 
tilized Asterias eggs showed the greatest acceleration, the rate of O2 consumption 
reaching 200 per cent of the controls, while unfertilized Arbacia eggs reached 185 
per cent of the rate of the controls. After fertilization, the rate of O2 consump- 
tion, with methylene blue dropped to 138 per cent of that of the controls in 
Asterias, and 116 per cent of that of the controls in Arbacia. During the morula 
and blastula stages in Arbacia the rate of O2 consumption with methylene blue 
became 122 per cent of that of the controls. There was no effect in the early 
and late gastrula stages but methylene blue increases to 138 per cent in the 
pluteus stage. 

Effects of potassium cyanide. Three concentrations of KCN were tried: (1), 
5 X 10-* (the concentration represented in the tables), (2), 1 * 10-*, and 
(3), 1 X 10-*. In the first two concentrations, the rate of O2 consumption in 
unfertilized eggs was slightly decreased (See table for (1)) but the third concen- 
tration produced either no change or an increase. Only (1) was used here in 
detail. After fertilization, KCN (5 X 10-‘ M) produces a considerable decrease 
in the rate of O2 consumption in all the forms, but this decrease is most pro- 
nounced in the gastrula stage where it falls to 3 per cent of the controls. In the 
early cleavage states the rate of O2 consumption with KCN is 16 per cent, in the 
blastula, 14 per cent, and in the pluteus, 16 per cent of the controls. In immature 
Asterias eggs, the rate of O2 consumption was decreased by KCN to 50 per cent 
of that of the controls. 

Effects of carbon monoxide. Where a low concentration of oxygen is used 
together with approximately one atmosphere of CO, a normal rate of respiration 
might be due to an adequate supply of oxygen. Amberson (1928) found that 
the critical oxygen tension for marine eggs is from 5 to 3.5 per cent. Below this 
the eggs rapidly cease respiring. Riinstrom’s experiments (1930) were done 
above this range of O» tension, so that in this case it may well be that there was 
enough oxygen present to supply the eggs. In the writer’s experiments, CO, 
99.5 per cent pure? was used; here simultaneous runs were done with air and CO- 
filled Warburg vessels. The former was taken as the control. Carbon monoxide 
depressed the respiration to such an extent that after a few hours respiration 
ceased entirely. The effects, even so, showed that respiration did not stop 
instantly. The gastrula stage seemed to be the most sensitive, shown by ces- 
sation of gas consumption before the other stages. The least effect was in the 
unfertilized eggs. For example in column E, Table II, No. XII, the rate with 
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CO falls to 4 per cent of that of the controls; where as in unfertilized Arbacia, 
itis 75 per cent. In other stages the rates are higher than in the early gastrula. 

It is felt that this small absorption of gas may represent oxygen consumption 
supported by the traces of oxygen present in the CO atmosphere. The experi- 
ments by Loeb (1895) on the effects of hydrogen and nitrogen atmospheres on 
echinoderm eggs and larvae give the same picture as these experiments with CO. 
It is suggested that the effects of CO may result from the exclusion of oxygen, 
thereby eliminating the oxidized forms of the enzymes. 

Antagonism between methylene blue and inhibitors. When methylene blue was 
added to eggs or larvae in an atmosphere of CO, there was an increase in the rate 
of O2 consumption. However, in the concentration used here, (0.002 per cent) 
the maximum antagonistic action was not obtained. The antagonism between 
methylene blue and carbon monoxide in optimum concentrations has been 
discussed elsewhere (Brooks, 1935, 1941). 

Additive effect of cyanide and carbon monoxide.—When cyanide and CO were 
used together, the rate of uptake of gas was even less than when either was used 
alone. Only immature and unfertilized Asterias eggs were used here (see Table 
[, Column 9). 

RESULTS 


Effects on Development and Survival 


After the measurements had been made on oxygen consumption, the eggs or 
embryos were taken out of the manometer vessels and samples of them returned 


to sea water. To do this, the eggs in the vessels were lightly swirled to give an 
even suspension, after which .1 cc. of egg suspension was withdrawn and dis- 
charged into 200 cc. of fresh sea water in 15 cm. finger bowls. Development 
occurred at the temperature of the running sea water in the laboratory, 16 to 22° 
C. depending upon the month. About one cmm. of dry sperm was suspended 
in 200 cc. of sea water, well mixed, and one drop of this suspension added to 
each finger bowl. After the eggs had settled, the sea water was renewed to get 
rid of the sperm. The development of about 100 eggs per sample was followed. 
Effects of methylene blue. Methylene blue, 0.002 per cent in sea water, had 
acted upon the eggs for a time between two and three hours. Fertilization of 
unfertilized eggs gave success equal to or better than that found in untreated 
eggs (controls). During the main spawning season this was between 80 and 100 
per cent formation of fertilization membranes, but at the beginning of the season, 
this was much lower (from 10 to 50 per cent): the controls gave as low as or 
lower percentages of success than the methylene blue-treated eggs. 
Development was accelerated by methylene blue; when the earlier stages 
were concerned, it was noted that many blastulae were produced among the 
treated individuals in the time in which only a few were found in the controls. 
The plutei produced from eggs or from the earlier developmental stages were 
measured and the largest ten to 15 in each sample measured. It was found that 
the average of the total lengths of the controls was 280 u as compared with 420 
in the methylene blue-treated samples. Embryos experimented upon in the 
gastrula stage gave plutei without arms (controls), in the time in which the 
methylene blue-treated ones developed large arms. The pluteus stage was still 
active at the end of nine days while-the controls survived only four days. It 











OXIDATION IN MARINE EGGS 171 


may be noted that in toxic concentrations, methylene blue accelerates the 
cytolysis of unfertilized eggs and to a less extent that of fertilized eggs. 

Effects of carbon monoxide, with and without methylene blue. In these experi- 
ments eggs or embryos were exposed to CO (99.5 per cent pure) alone, or together 
with 0.002 per cent methylene blue, for a period of time between two and three 
hours. Experimental and control lots were then returned to sea water as 
described above. In contrast with cyanide which allowed substantial recovery, 
CO alone stopped movement of the embryos irreversibly, and induced subsequent 
cytolysis. Unfertilized eggs treated with CO alone lost the capacity to divide 
when they were subsequently fertilized. The addition of methylene blue acting 
simultaneously with CO, restored the capacity for subsequent fertilization. 
Fertilized eggs treated with CO alone lost the power to cleave in the recovery 
period and were cytolyzed. Addition of methylene blue was ineffective. Carbon 
monoxide alone permanently stopped the motion of gastrulae and plutei, and led 
tocytolysis within 24 hours. Addition of methylene blue failed to restore motility, 
but it did prevent cytolysis during at least the 48 hours of observation. 

Effects on staining and reduction of methylene blue. Living eggs in methylene 
blue alone showed stained granules in the cytoplasm but the nucleus and the 
cytoplasmic matrix were not visibly stained. The only exception to this was 
in the case of cyanide and methylene blue experiments where the nucleus was 
stained in addition to the granules. Since these were still swimming, they could 
not be considered to be dead. 

When methylene blue was used in conjunction with carbon monoxide, the dye 
was presumably reduced since no color remained in either the cells or in the sur- 
rounding solution while the manometer vessels were closed. Methylene blue is 
not reduced in an atmosphere of carbon monoxide or in the absence of oxygen, 
in the absence of living cells. Living cells must therefore furnish the hydrogen 
for the reduction of the dye. 


DISCUSSION 


In the past it has been customary to account for the fact that cyanide fails 
to block oxygen consumption of many types of cells beyond a minimum by 
inferring that there exists a ‘‘cyanide-resistant”’ respiration, in addition to the 
“cyanide-sensitive’’ respiration. Many cases of ‘‘cyanide-resistant’’ animals or 
plants have been reported. For example, Lund (1918) found that cyanide does 
not affect the respiration of Paramoecium; Shoup and Boykin (1931), confirmed 
this in detail; Pett (1936), showed that a certain yeast is not affected by cyanide. 
Dixon and Elliott (1929), found that only a portion of the respiration of at least 
one strain of yeast is affected by cyanide. When cyanide does have an in- 
hibitory effect as shown for rat liver by Dixon and Elliott (1929), this could be 
completely reversed by quickly rinsing the tissue with buffer solution, even when 
the concentration of cyanide was M/30. A resumé of some cyanide-resistant 
tissues is given by Dixon and Elliott. In some cases, activation is produced by 
cyanide. This has been shown by Reynolds (1924) in the case of Fusarium; by 
Hanes and Barker (1931) for potato tubers; by Tomkins (1932) for moulds; by 
Watanabe (1932) for certain algae; and by Kisch (1933) in the case of certain 
mammalian tissues. An interesting point is that the formation of flavin in yeast 
is activated by cyanide as shown by Pett (1936). 
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The extent of this cyanide respiration suggested to some an explanation on the 
basis of a reversible combination between CN~ and one enzyme according to 
Warburg’s postulation, a reaction whose extent can be predicted with the use 
of a reaction constant. Ross (1938) has offered such a calculation on Nitella 
oxygen consumption. Fisher and Ohnell (1940) Have developed this idea in 
greater detail. 

However, since cyanide gives different effects not only in a wide variety of 
tissues but also in the different stages of the developing echinoderm eggs and 
embryos, it is felt that these results can be explained on a basis quite independent 
from the postulation of several different enzyme systems, each with its com- 
bination constant. 

The interpretation offered by the writer is based upon the relation between 
the rate of oxygen consumption and the redox potential surrounding the living 
cells (Heymans and Heymans, 1922; Genevois, 1928; Barron, 1930). In develop- 
ing this theory, the terminology of Clark (1927) is used. According to this, the 
redox potentials (E, values at pH 7.0) for observed aerobic cells were found to 
be not far from 0.0 volts (Needham and Needham, 1925; Brooks, 1926). The 
workers mentioned above found that as the redox potential becomes more 
positive, within certain limits of E, and pH, the oxygen consumption increases. 

When methylene blue acts on living tissues whose E) is less than that of the 
methylene blue, the poising influence of methylene blue tends to raise the E, 
toward that of methylene blue. The couple, methylene blue: leuco methylene 
blue, has an Ep» of around 0.0 volts at pH 7.0. The oxidized form, methylene 
blue, has been added in these experiments, and should poise the solution and eggs 
toward positive levels. It is logical to conclude that a rise in redox potential 
induced by this dye is due to this poising effect of the dye. At a constant con- 
centration of the dye, this rise in E, would increase with increasing disparity 
between the E,, level of the dye and that of the living cell. 

Conversely, if there is no effect of methylene blue, when added to suspensions 
of living cells, one may well conclude that the E, of the cells is at the same level 
as that of the dye solution itself. Therefore, we may essay an explanation on 
the basis that the E, levels of living cells are shown by the magnitude of the 
effect of methylene blue on their oxygen consumption. 

The following deductions are accordingly made on this basis. Unfertilized 
Asterias and Arbacia eggs have a lower redox potential than fertilized ones, 
since methylene blue produces a pronounced increase in the rate of O2 consump- 
tion. The redox potential of the larvae in the early stages after fertilization is 
below optimum but rises in the gastrula stage to optimum. Here, there is no 
effect of methylene blue in these experiments. In the pluteus stage, there is 
again a decrease in the redox potential. It should be remembered that there 
must be an optimum E,, above or below which a decrease in O2 consumption 
occurs. A small change in E, around the optimum must have practically no 
effect, while an equal change at more or less positive potentials would produce 
increasingly marked effects in oxygen consumption. 

The lowered redox potential ‘ of KCN, produced by its poising action in 


4 The work of Pett (1936) who found that cyanide increases the flavin content of yeast can 
be interpreted from the point of view of redox potentials; namely that the cyanide produced a 
more negative potential which was more favorable to the production of flavin. 
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connection with an unknown oxidant (Barnard, 1933), rather than the reactions 
of a stable chemical combination of CN~ and the iron of the heme radical of the 
respiratory enzyme, can be used as a basis in interpreting the reduction of 
oxygen consumption caused by cyanide solutions. When there is no effect of 
KCN on the rate of oxygen consumption, it appears that the redox potential is 
already negative and is not lowered further by the addition of the reagent. 
Here the normal redox potential within the cells appears to be essentially the 
same as that which would be produced by KCN in the concentration used. 
This seems to be the case in unfertilized eggs. This conclusion agrees with the 
results with methylene blue, which show a large increase in the rate, indicating 
that methylene blue raises the potential to a considerable extent. 

It is also interesting that in the gastrula stage KCN reduces the rate of oxygen 
consumption to its lowest level, whereas methylene blue causes no change in the 
rate. It seems as though this stage has the highest redox potential of all those 
investigated. These experiments with KCN and methylene blue therefore 
appear significant in that KCN produces a lower potential, and the dye a higher 
one. This explanation has been offered previously by the writer (Brooks, 1935, 
1941) to explain the action of methylene blue when cyanide is added to cells. 
It is merely a balancing between the two reagents to keep the redox potentials 
normal. Since different cells have different redox potentials, it will be necessary 
to use appropriate concentrations of KCN and methylene blue as determined by 
experimentation. 

Here it is further suggested that these two reagents can be used as indicators 
of the redox potential of a cell. Since the cell’s redox potential becomes more 
negative with increasing concentrations of KCN (within limits), one can ascertain 
the original redox potential by noting the effect of KCN on the rate of oxygen 
consumption. Conversely, methylene blue can be used to change the E, in the 
opposite direction. 

In these experiments no attempt was made to obtain the maximum antago- 
nistic effects of methylene blue with KCN and CO. This has been done in other 
papers (Riinnstrom, 1930; Brooks, 1935). This paper shows merely the effects 
of adding the reagents in the concentration used in this paper. There is an 
antagonistic effect in each case, but optimum rate (Qo,) has not been sought. 

In the system of oxidative and reductive enzymes in the egg and embryo 
of Arbacia and Asterias, the concept of the optimum must be applied. However 
it is necessary to assume that all of these enzymes must be in equally favorable 
states. For a given enzyme the highest rate of reaction, here thought of in terms 
of optimum oxygen consumption, occurs at the E, where the reduced and 
oxidized states of this enzyne are equal in (active) concentration. One of the 
enzymes of such a system may be nearly oxidized and another at the same Ey, 
may be nearly reduced. But at some optimum Ej, the best integration of their 
action must occur. This optimum is more nearly attained in fertilized eggs of 
these forms rather than in unfertilized eggs. It does not seem reasonablé to 
assume that there are little or no respiratory enzyme systems in unfertilized eggs 
because they have a low rate of oxygen consumption. On the contrary, since 
methylene blue produces such a profound increase in the oxygen consumption, 
it would appear that this reagent poises the potential at an optimum where the 
activities of oxidants and reductants of the respiratory enzyme systems more 
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nearly approximate each other. It would further appear that the process of 
fertilization in these eggs raises the redox potential to a more positive level which 
is closer to the optimum. Unless the unfertilized egg does not contain any 
respiratory enzyme (cytochrome oxidase), then any concentration of KCN should 
produce a decrease in the rate, if it is true that CN~- combines with the cytochrome 
oxidase as is postulated by Warburg (l.c.) and repeated by many others for 
example, Barron (1937), Krahl, Keltch, Neubeck and Clowes (1941), Henderson 
(1938), Wendel (1933, 1934). It seems preferable to think of these living cells 
of this nature as containing such an enzyme system, and the hypothesis of com- 
bination seems to be unessential. 

The present experiments may be further tested in the light of additional 
evidence against the assumption that the effect of KCN on living cells is due to 
a combination of CN~ with the Fe of the heme of the cytochrome oxidase 
(respiratory enzyme), thereby inactivating it. This enzyme has not been isolated 
and there are no direct experiments to prove its existence. The evidence is 
derived from measurements of oxygen consumption. Those who favor the 
hypothesis that CN~ unites with the heme of the cytochrome oxidase, base their 
experimental evidence on chemically isolated compounds such as the hemo- 
xhromogens and combinations of CN~ with these at high pH values, i.e., 9.0 to 
13. (Hogness, Zscheile, Sidwell and Barron (1937), Barron (1937), Clark 
(1939), Clark, Taylor, Davies, and Vestling (1940). It appears quite evident, 
however, that such results at these unphystological pH values can not be used to 
explain the conditions found in living cells. Theorell (1940) using cytochrome c 
(an oxidation link in most cells, which is also a heme compound and has been 
isolated), showed that CN~ forms combinations with this compound only in 
acid or alkaline solutions but not at pH values around 7.0 such as occur in living 
cells. This can be considered as further evidence against the hypothesis that 
(N~- combines with a heme such as the cytochrome oxidase which is supposed to 
exist in living cells. 

A further observation made here can be understood on the basis of this 
concept: fertilized eggs to not cleave in CN~--containing media, but do form 
multiple asters without cell division. This suggests that division requires a 
higher redox potential, whereas aster formation goes on at lower redox potentials. 

The effect of CO on the oxygen consumption of eggs and embryos of Asterias 
and Arbacia points to an interpretation which also obviates the assumption of 
combination of CO with an enzyme. Mere absence of oxygen suffices to explain 
these observed results. The fact that Theorell (1940) found that cytochrome c 
does not combine with CO at physiological pH ranges supports this. 

It is of interest to recall in this connection the case of animals having hemo- 
globin. It is generally conceded that the principal effect of CO in stopping 
respiration is due to its affinity for hemoglobin, forming carbohemoglobin which 
is a stable compound. In proportion to this conversion the blood fails to carry 
oxygen to the tissues (Henderson, 1938). The effect of CO upon the oxidative 
enzyme is therefore secondary through the inactivation of the hemoglobin. If 
there is no hemoglobin present as in the case of marine eggs, one is led to conclude 
that in this case also the effect is due to lack of oxygen rather than to a specific 
effect such as combination of CO with the cytochrome oxydase. At the present 
writing it is not known whether there exists in Arbacia eggs a substance similar 
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in action to the hemoglobin of mammals to combine with CO. The probability 
is, however, that the principal effect of CO on these cells is due to its replacement 
of oxygen. 


CONCLUSION 


The experiments here described appear to find their simplest explanation on 
the basis of the relation between the redox potentials and the rate of oxygen 
consumption of the cells. Development of the larvae falls into this picture. 
The effects of carbon monoxide seem to result only from the practical exclusion 
of oxygen. The converse action of cyanide and methylene blue supports this 
concept: cyanide stops oxygen use most effectively when acting on the stage of 
eggs or larvae least accelerated by methylene blue (the gastrula) and least 
effectively when acting on the stage (unfertilized eggs) most strongly accelerated 
by methylene blue. This relation is borne out in detail in all stages; and is sup- 
ported by minor observation. 

Changes in redox potentials within the eggs are considered to be established 
by the presence of reduced and oxidized metabolites, and reduced and oxidized 
links in the enzyme chain of oxidation. All of these redox participants must be 
affected by the introduction of redox agents like methylene blue and cyanide 
which act through their poising action. Their effects must lead toward or away 
from an optimum E,, in which the oxidizing enzyme chain acts most rapidly. 

The interrelationship between the oxidation chain and the prevalent E, values 
is a master key in understanding the changes in rate of oxygen consumption 
during development of echinoderm eggs, normally and under the influence of 
reagents. This concept is of general applicability. 


SUMMARY 


The oxygen consumption of eggs and larvae of Asterias forbesit and Arbacia 
punctulata was measured by the Warburg-Barcroft technique, in sea water, in 
sea water solutions of KCN (5 X 10-* M) and methylene blue (0.002 per cent) 
and with atmospheres of carbon monoxide (99.5 per cent pure). Eight stages 
were studied: unfertilized and fertilized eggs, first cleavages, morula, blastula, 
early and late gastrula, and pluteus. Subsequent development after a period of 
two to three hours exposure to these reagents was followed in sea water. 

Methylene blue increased oxygen consumption most when acting on unfer- 
tilized eggs, did not increase it for gastrula, and increased it slightly in the other 
stages. When transferred to sea water, the effects of methylene blue persisted 
in increasing the rate of development of larvae, prolonged their life and produced 
larger plutei. 

Cyanide decreased oxygen consumption most strongly when acting on 
gastrulae, less so for other stages, and had little or no effect on unfertilized eggs. 

These two agents have a converse action. This was shown by the antagonism 
between these two, as shown in this paper by the promotion of motility in cyanide 
paralyzed forms. 

Carbon monoxide prevented gas consumption, subsequent fertilization and 
produced cytolysis. Methylene blue promoted the subsequent fertilization of 
CO-treated eggs. 
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These results are most simply accounted for on the assumption that the redox 
potential changes to a more positive level during progress from the egg to the 
gastrula stage and thereafter drops slightly. Methylene blue raises and cyanide 
depresses the positive redox potential. Carbon monoxide, as used in these 
experiments, indirectly depresses the redox potential by preventing the oxidized 
forms of the enzymes to exist. These effects take place in an oxidative enzyme 
chain whose members undergo reduction or oxidation. The whole system suffers 
changes under the named reagents, leading towards or away from the optimum 
E, levels and maximum oxygen consumption. 
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DEVELOPMENT OF THE PRIMARY GONADS AND DIFFEREN- 
TIATION OF SEXUALITY IN: TEREDO NAVALIS AND 
OTHER PELECYPOD MOLLUSKS 


WESLEY R. COE 


(Osborn Zoological Laboratory, Yale University, and Scripps Institution of Oceanography, 
University of California, La Jolla‘) 


In connection with studies on the sexual differentiation and changes of sex 
in several genera of bivalve mollusks the writer has observed certain morpho- 
logical characteristics of the gonads which seem not to have been reported 
previously. These concern particularly the types of cells which compose the 
gonads in the early stages of development and the provisions for the nourishment 
of the forming gametes. They pertain also to the earliest sexual differentiation 
of the primary gonia and their transformation into the functional gametes of the 
primary sexual phase. Some confusion exists in the literature because of failure 
to interpret correctly the significance of the two types of sexual cells which in 
young individuals of Teredo navalis and other ambisexual mollusks characterize 
this initial phase of functional sexuality. 


ORIGIN AND EARLY DEVELOPMENT OF GONAD 


In all the pelecypods examined the gonads originate from a group of cells 
- situated in the posterior portion of the body, near the visceral ganglion and on 
the ventral side of the pericardium. As these primordial germ cells multiply 
they become more or less completely separated into two groups, situated sym- 
metrically on the two sides of the body. By the continued multiplication of their 
constituent cells each group grows anteriorly in the surrounding mesenchyme 
or vesicular connective tissue to form the branching system of tubular follicles 
which characterizes the gonads of the pelecypods (Figure 1). 

Two rather distinct types of gonads are found in these mollusks, each type 
being characteristic of certain genera. In Teredo, Bankia, Mya, Petricola, 
Barnea and some other members of the order Teleodesmacea the cells of the 
gonad soon become differentiated into large, vacuolated follicle cells and primary 
gonia. The follicle cells function as accessory nutritive cells. They occupy most 
of the space within the tubular follicle, the primary gonia being scattered along 
the periphery or near the central axis (Figures 1 to 4). In Ostrea, Pecten, 
Mytilus, Volsella and some other Prionodesmacea, on the contrary, the gonad is 
composed almost entirely of gonia, with only minute follicle cells (Figures 5, 6). 
In these forms the gametogenic cells obtain their nourishment directly from the 
surrounding vesicular connective tissue. An intermediate condition is found in 
Anomia and some other genera in which the gonadal follicles are associated with 


‘ Contribution from Scripps Institution of Oceanography, New Series No. 193. 
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vesicular nutritive cells, often arranged in follicles (Figure 7), or they may be 
composed of follicles with relatively few accessory nutritive cells. 

The genital ducts of the adult open into the mantle cavity near the site of the 
original gonadal primordium or, in some species, into the kidneys and thence to 
the mantle cavity. When the individual has become sexually mature the branch- 





FiGURE 1. Portion of section through posterior region of body of young Mya arenaria, 
showing early stage in development of the tubular, branching gonads (g) composed of large, 
vacuolated follicle cells with primary gonia (pg) scattered along the periphery; b/, vesicular con- 
nective tissue; cum, cerebro-visceral nerve cords; go, genital openings; k, kidney; 7, intestine; 
mc, epibranchial chamber; pe, pericardial cavity. (Modified from Coe and Turner, 1938.) 


ing gonadal follicles may extend throughout the mesosoma and, in the mussels 
and a few other pelecypods, even into the mantle beneath one or both valves of 


the shell. 
SEXUAL DIFFERENTIATION 


In Teredo navalis, which normally experiences alternating male and female 
phases of functional sexuality, the gonadal primordia consist of groups of cells, 
all of which are identical in appearance. But as soon as the primordia begin to 
branch out to form the tubular follicles, as described in a preceding paragraph, 
two distinct types of cells become distinguishable. At the end of each growing 
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follicle there is a cap of undifferentiated nuclei in a continuous mass of cytoplasm 
(Figures 2,4). As growth proceeds some of these nuclei become ecnlosed in large, 
vacuolated cells which function thereafter as accessory nutritive cells. A smaller 
number retain a larger portion of the terminal cytoplasm and become the primary 
gonia. As the follicle increases in length these primary gonia are left behind on 
the periphery of the follicle cells which otherwise fill the entire follicle (Figures 
2, A, 4). The primary gonia multiply slowly as the follicles increase in length. 


FiGurE 2. Development of primary gonad in Teredo navalis. A, sexually undifferentiated 
branching follicle, composed of large, vacuolated follicle cells (fc) with primary gonia (pg) scat- 
tered on the periphery; m, terminal cap of undifferentiated proliferating nuclei; vct, vesicular 
connective tissue. 8B, later stage with differentiated ovocytes (oc) and spermatogenic cells (sp) 
derived from the primary gonia; fc, remaining follicle cells with disintegrating nuclei and products 
of abnormal spermatogenic cells. C, follicle of primary male phase, with spermatogenic cells 
(sp) and spermatozoa filling the lumen and large ovocytes (oc) on the periphery. 


No sexual differentiation can usually be detected in the primary gonia until 
the young teredo has attained a length of about 10 mm. In the warm season 
of the year, when the water is above 18 degrees C., this length may be reached 
within three to four weeks after entering the wood. Dwarfed individuals become 
sexually differentiated at a smaller size but at approximately the same age. 

The spermatogonia are recognized as soon as the primary gonia begin pro- 
liferation into groups of nuclei within a cytoplasmic syncytium. These soon 
form primary spermatocytes with characteristic phases of synapsis (Figure 2, B). 











DIFFERENTIATION OF SEX IN MOLLUSKS 181 


Approximately half the total number of primary gonia become activated in this 
manner. An equal number differentiate into ovogonia and their resulting 
ovocytes. 

Each of the rapidly growing ovocytes remains attached to the wall of the 
follicle until fully mature. The spermatogenic cells, on the contrary, multiply 
rapidly and soon fill the axis of the follicle (Figure 2, B). The follicle cells have 
meanwhile begun to undergo cytolysis and disintegration. Their nuclei first 
become pycnotic and are later cytolyzed. The collapse of the follicle cells forms 
a central lumen in the follicle and in this cavity spermatogenesis is completed 
(Figure 2, C). 

With the continued growth of the ovocytes and a vast increase in the number 
of spermatogenic cells the follicles become greatly distended and the former lumen 
packed with spermatozoa (Figure 2, C). This is a typical hermaphroditic gonad 
but since the spermatozoa will usually become ripe and will be discharged before 
the ova are fully mature the individual is properly recognized as being in the 
primary, or protandric, or ambisexual male phase. 

If all individuals experienced the same aspects of sexual differentiation there 
could be no difference of opinion as to their status, but an examination of the 
gonads of more than 3000 individuals shows wide variations in the proportion of 
spermatogenic and ovogenic cells present. This is true not only for different in- 
dividuals but for different follicles of the same individual (Coe, 1933, 1934a). 
Photographs of some of these variations are shown by Coe (1933). 

At one extreme are the so-called true males, in which the ovogonia, if present, 
fail to produce ovocytes. At the other extreme there are proterogynic individuals 
which form ovocytes exclusively in their first functional sexual phase, the usual 
primary male phase being aborted or inhibited (Coe, 1935). In exceptional 
individuals both spermatogonia and ovogonia are activated simultaneously, 
producing functional hermaphrodites. Some of these are capable of self- 
fertilization (Coe, 1941). 

Both the true males and the proterogynic individuals must be considered as 
exceptions to the great majority of the population in which each individual 
normally functions first as male and later as female. The female phase will be 
followed by a second series of male and female phases if the life of the individual 
be sufficiently prolonged. This alternation or rhythm of sexual phases may be 
considered as characteristic of the species, although the mortality is usually very 
high before even two of the phases have been completed (Coe, 1934a). 

Furthermore some of the typically protandric individuals approach more or 
less closely the true males in having relatively few ovocytes in the gonads. They 
retain the male phase longer than others which bear a closer resemblance to the 
proterogynic individuals in the appearance of the primary gonads (Coe, 1934a, 
1936). 

Because of this variability in the expression of ambisexuality, as well as associ- 
ated differences in the time necessary to complete any one of the sexual phases, 
the proportion of individuals in each phase found in any sample of the population 
would seem to have less significance than has sometimes been assumed (Grave 
and Smith, 1936; Coe, 1936). It is obvious that if in such a sample twice as 
many individuals are found in one sexual phase as in another it may be merely 
indicative that the one phase lasts twice as long as the other. It might also 
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indicate that some individuals are older than others, since the sexual phases 
appear in sequence during the life of the individual, with the exceptions already 
mentioned. 

During the summer months there will ordinarily be fully three to five times 
as many individuals in the primary male phase as in the female phase at the first 
spawning period. This may occur as early as six weeks after metamorphosis, 
Three or four weeks later, after the change of sexual phase, the same individuals 
may be expected to show an approximation to a reversed proportion of male and 


FiGuRE 3. Portions of primary gonads of Petricola pholadiformis. A, sexually undifferen- 
tiated stage; follicle composed mainly of vacuolated, nutritive follicle cells (fc) with primary 
gonia (pg) along the central axis or lumen (Ju). 3B, later stage in young male; most of the follicle 
cells have been cytolyzed to supply nourishment for the proliferating spermatogenic cells (sp). 

FicurE 4. Development of primary gonad in Mya arenaria; central follicle with terminal 
cap of undifferentiated nuclei (m), from which both follicle cells (fc) and primary gonia (pg) 
originate; lower portion of follicle shows later stage in which the follicle cells are being replaced 
by spermatogenic cells (sp), with spermatozoa adjacent to the lumen (/u). Note blood vessels 
(bl) and small amount of connective tissue between follicles. 


female phases. There will be many deviations, however, since, as already men- 
tioned, the primary sexual phase will be more prolonged in some individuals than 
in others and some will change quickly to the third (ordinarily male) phase. In 
the meantime younger members of the population will be functioning in the 
primary male phase. 

The proportion of individuals in which the first sexual phase is female is 
thought by Grave (1942) to be larger than formerly reported (Coe, 1936) but the 
data presented do not seem to justify such a conclusion. 
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The following scheme, modified from Coe (1935), indicates such variations in 
the sequence of sexual phases as are inferred from a study of more than 3000 
individuals at various ages. It is impossible to follow these phases in any single 
individual because the teredo dies soon after it is removed from the wood for 
examination. The presence of larvae in the gill chambers, however, is sufficient 
proof that the preceding sexual phase of the gonad was female. 
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FiGuRE 5. Ostrea lurida. A, portion of primary gonad showing typical ambisexual male- 
phase condition, with peripheral layer of ovocytes (oc) and developing sperm balls (sp) in the 
lumen; gd, ciliated genital duct. 8B, terminal portions of two follicles of secondary gonad in early 
female phase surrounded by much vesicular connective tissue (vct). 

FIGURE 6. Ostrea virginica. A, portion of primary gonad in ambisexual condition. B, 
terminal portion of follicle surrounded by much vesicular connective tissue in early male phase 
of adult; letters as in Figure 5. 


1. True male phase (exceptional) . . . Second male phase. . . 

2. Ambisexual male phase . . . First female phase . . . Second male phase 
. . . Second female phase (if life be sufficiently prolonged). 

3. Functional hermaphroditic phase (exceptional) ... Male or female 
phase... 

4. Female phase (exceptional) . . . First male phase . . . Second female 
phase . 

5. Female phase (exceptional) . . . Second female phase (?) . . . 


Many other pelecypods resemble the teredos in having the primary gonads 
composed largely of nutritive follicle cells. In some of these, of which Petricola 
pholadiformis may be taken as an example, the primary gonia are scattered along 
the central axis of the follicle (Figure 3). In others, as Mya arenaria (Coe and 
Turner, 1938), they are distributed along the periphery (Figure 4). In both 
cases the follicle cells are cytolyzed during gametogenesis. With the exception 
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of an occasional hermaphrodite, all individuals of both species are strictly uni- 
sexual and the two sexes are approximately equal in number. 

A different type of gonad is found in both the larviparous and oviparous 
oysters (Ostrea), in scallops (Pecten), mussels (Mytilus, Volsella), and numerous 
other bivalves. In these the gonads are composed almost entirely of gametogenic 
cells which receive their nourishment directly from the sourrounding vesicular 
connective tissue. The follicle cells are few and small (Figures 5, 6). As the 
gonadal follicles increase in size the surrounding nutritive connective tissue is 
utilized. 

The larviparous oysters, of which Ostrea lurida may serve as an example, 
exhibit changes in sexuality during life, the sequence of sexual phases being similar 


FIGURE 7. Anomia simplex. A, portion of primary gonad surrounded by nutritive tissues 
(nf). B, follicles of mature ovary in which the nutritive tissues (mf) have been almost assimi- 
lated; bv, blood vessels; m, mantle; gd, genital duct. 


to those mentioned for Teredo navalis (Coe, 1934). In the oviparous oysters, as 
O. virginica, there is likewise a strong tendency toward protandry, since about 
70 per cent of the young individuals first function as males (Coe, 1938). The 
primary gonad usually contains antecedent cells of both sexual types (Figure 6, A). 
Functional hermaphroditism occurs occasionally and a few individuals change 
from the male to the female phase during their first spawning season. Thereafter 
the individual functions in one sexual phase or the other during all of each spawn- 
ing season, but not infrequently the sexual phase changes between two spawning 
seasons (Burkenroad, 1937; Galtsoff, 1938; Coe, 1938; Loosanoff, 1942). In 
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Venus the sexes are separate, following a juvenile, usually protandric, sexual 
phase (Loosanoff, 1937). 

Gonads in some respects intermediate between the other two are found in 
Anomia and in some other genera. Here the gonadal follicles, which are com- 
posed almost entirely of gametogenic cells, are surrounded by nutritive tissues 
of similar configuration (Figure 7). Asin the other types of gonads the nutritive 
tissues are utilized during the course of gametogenesis (Figure 7, B). 


SUMMARY 


Two more or less distinct types of primary gonads are found in bivalve 
mollusks. The simplest type occurs in several families of the order Prionodes- 
macea, where the profusely branching follicles on each side of the body are 
composed mainly of gametogenic cells and each follicle is nourished by the sur- 
rounding mesenchyme or vesicular connective tissue. 

In the second type, found mainly in the order Teleodesmacea, the branching 
follicles of the primary gonads are composed principally of large, vacuolated 
follicle cells of a nutritive nature, the primary gonia being scattered along the 
central axis or on the periphery. These nutritive cells are cytolyzed during 
gametogenesis. 

In some bivalves intermediate conditions are found, with associated gameto- 
genetic follicles and nutritive tissues. 

In the ambisexual or hermaphroditic species, as Teredo navalis, the primary 
gonia are early differentiated into the two sexual types. Of these the spermato- 
gonia usually, but not invariably, proliferate and complete gametogenesis in 
advance of the ovogonia, giving each follicle the appearance of a spermary with 
a layer of ovocytes on the periphery. As a general rule the ovocytes do not 
become fully mature until after the discharge of the spermatozoa. There are 
many variations in the relative proportion and time of spawning of the two types 
of gametes, however, and in exceptional cases the gonad is almost exclusively of 
the male or of the female type. Most individuals function first in the male 
phase, then change to the female phase, while some individuals experience in ad- 
dition a second sequence of male and female phases. Less frequently a primary 
female phase precedes the first male phase. Individual differences in the com- 
binations of the modifying hereditary sex factors are presumably responsible for 
most of these variations. 

Each species studied, except those that are strictly unisexual, shows some 
= in the sequence of male and female or functionally hermaphroditic 
phases. 
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MELANIN IN FISHES! 





AN IMPROVED METHOD OF ASSAYING 


F. B. SUMNER AND PETER DOUDOROFF 
(Scripps Institution of Oceanography of the University of California, La Jolla) 


Some five years ago, the authors described a method of evaluating the melanin 
content of fishes (Gillichthys) kept under various experimental conditions, along 
with some preliminary results obtained by the use of this method (Sumner and 
Doudoroff, 1937). In the following year we published a brief account of similar 
experiments, conducted upon another teleost, Gambusia affinis (Sumner and 
Doudoroff, 1938). In these last it was found advisable to revise our earlier 
procedure in important ways. 

Despite certain obvious shortcomings in the technique employed in those 
earlier studies, interesting quantitative relations were shown to obtain between 
the melanin extracted from our fishes and the optic stimuli to which they had 
been subjected. Whatever the precise nature of these relations, there could be 
no reasonable doubt that fishes (of at least two species) which had lived for some 
weeks upon black or dark gray backgrounds had a much higher melanin content 
than fishes kept upon various paler backgrounds. This was in full agreement 
with experiments involving the counting of melanophores, through which it had 
been shown that both the number of these cells per unit area of skin and the 
amount of melanin per cell may be greatly influenced by the background.2,_ Much 
remained to be learned, of course, regarding the details of these relations. 

In quantitative studies of melanin, gravimetric determinations seem to be 
ruled out by the impossibility of isolating this substance without sacrificing a 
large proportion of it during the process of isolation. Various methods of obtain- 
ing pure melanin have been developed by chemists whose object has been to 
purify it for chemical analysis, rather than to measure accurately the amount 
present in a given sample of tissue (e.g., Gortner, 1910, 1911; Salkowski, 1920; 
Heinlein, 1924). 

Colorimetric methods were consequently resorted to early in our endeavors 
to assay melanin. We know of only two previous workers (Kudo, 1922; Vilter, 
1931) who had attempted the measurement of changes of melanin resulting from 
experimental optical conditions, at least in fishes and amphibia. Recently, how- 
ever, Dawes (1941) has published the results of some interesting experiments 
upon Rana temporaria.* His findings, so far as the effects of black and white 
backgrounds are concerned, fully confirm our own. Considering the facts just 
stated, however, it is obvious that Dawes is over-enthusiastic in his claim that 
his work ‘‘affords conclusive evidence for the first time that prolonged exposure 
of one of the lower vertebrates to . . . black background results in a marked 
increase in the melanin content of the skin.” 


1 Contributions from the Scripps Institution of Oceanography, New Series, No. 194. 
* The work of ourselves and others in this field has been summarized by Sumner (1940b). 
* Dawes’s technique involved peptic digestion of the frogs’ skins. 
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The employment of colorimetric methods in “melaninometry”’ is rendered 
possible by the solubility of this substance in dilute alkali.‘ Admittedly these 
methods involve some rather serious difficulties. Some of the primary require- 
ments in the preparation of such a melanin solution are: (1) to retain without 
loss and unaltered the melanin contained in each sample of material; (2) to 
eliminate all cloudiness and obtain a perfectly clear solution; (3) to eliminate any 
colored materials other than melanin; (4) to avoid the production of pseudo- 
melanins (‘‘melanoidins’’) which sometimes result from the action of strong acids 
upon proteins. 

The procedure outlined below is the outcome of experimentation by the 
authors, which was commenced in 1935. While it is empirical in many details, 
we believe that the various steps are theoretically justifiable. Many of these 
steps are based upon the methods of previous workers, but the combination is ours. 

Comparison with our earlier report (1937) shows that somewhat extensive 
changes have been made in this procedure. Since little melanin is contained in 
the more massive tissues of the body (muscles and viscera), the presence of which 
increases the difficulty of preparing clear solutions, it was decided to exclude 
these tissues; hence paragraphs 4, 5, and 6 of our revised procedure (cf. Sumner 
and Fox, 1935).5 Again, peptic digestion, followed by centrifuging, was replaced 
in our revised technique by boiling in 6 per cent HCl, followed by dialyzing 
(paragraphs 22 to 25). 

Our most recent procedure follows: 

(1) The fishes (unfed for at least two days) were killed in chloroform vapor; 
(2) dried on paper towels; (3) each individual measured, and each lot (those 
combined to form a single sample) weighed; (4) dipped into boiling distilled 
water ? minute, then cooled in cold water; (5) the skin was removed from the 
entire body and head and placed (along with fins) in distilled water; (6) water 
warmed to 60° C. and beakers placed in oven at that temperature for one hour 
(to remove gelatin); (7) 95 per cent alcohol substituted for water, changed once, 
material bottled and kept in the dark, sometimes as long as five or six weeks; 
(8) alcohol poured off and material subjected to Soxhlet fat-extration (in 150 cc. 
thimbles) for three hours, using 250 cc. of alcohol-ether mixture (2 : 1); (9) ma- 
terial left in thimbles and dried in oven at 60° for several hours; (10) decalcified 
in one per cent HCl! for one hour at 60° (5 cc. per gm. of original weight of fish, 
not of skin); (11) acid filtered off through no. 2 sintered-glass filter, residue washed 
with 500 cc. distilled water; (12) residue from filter hydrolyzed by boiling one 
hour in 0.2 per cent NaOH (5 cc. per gm. of original weight of fish) in three-liter 
flask, under reflux condenser; (13) resulting mixture filtered through no. 2 glass 
filter, to remove undissolved impurities; (14) filtrate, when of sufficient volume, 
divided into two parts (‘‘a’’ and ‘“‘b’’) to be run separately as checks; (15) HCl 
added, drop by drop, to each lot, until neutral point is just past and a precipitate 
forms which includes the melanin (important that approximately the same pH 


* Strictly speaking, these are not molecular solutions, but very fine colloidal suspensions. 
They may be very clear, however, and there is little or no Tyndall-effect unless the suspensions 
are highly concentrated. 

5 As we were primarily interested in changes in the external pigmentation (that of the skin), 
we had no object in retaining the considerable amount of melanin contained in the peritoneum 
or in the eyes. 
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is reached for all samples); (16) material (liquid and precipitate) transferred to 
centrifuge tubes (approximately 100 cc. capacity), centrifuged 15 minutes at 
approximately 1760 r.p.m., liquid® poured off (precipitate adheres closely to 
bottom of tube); if all material from one sample is not, at first, contained in a 
single tube, it is combined into one tube and re-centrifuged; (17) 95 per cent 
alcohol carefully poured onto precipitate in tubes (4 cc. per gm. of original weight 
of fish), left at least $ hour; (18) this alcohol removed by suction (using a glass 
tube, finely drawn out), and replaced by same amount of absolute alcohol, left 
at least one hour; (19) alcohol again removed and ether (the same quantity) sub- 
stituted, precipitate thoroughly stirred, left at least one hour; (20) materials 
centrifuged 4 hour, and ether removed by suction; (21) dried in oven at 60°; 
(22) dissolved (while still in centrifuge tubes) in 0.2 per cent NaOH (1 cc. per 
gram of original weight of fish); (23) equal volume of 12 per cent HCI added, 
making a concentration of (nearly) 6 pet cent acid; (24) transferred to flasks 
and boiled one hour under reflux condensers; (25) liquid, with precipitate, trans- 
ferred to celloidin (‘‘Parloidin’’) dialyzers, suspended in one-liter beakers of dis- 
tilled water. Left at least three hours, during which water is changed five times; 
(26) material poured (and rinsed) from each dialyzer into graduated cylinder, 
enough 5 per cent NaOH added to make a 0.2 per cent solution, when liquid has 
been brought to final required volume (3 cc. per gm. of original weight of fish) ; 
(27) solutions returned to flasks and boiled for one hour under condensers (if 
necessary the condensers are left off for a time and liquid evaporated sufficiently 
to bring the volume down to somewhat less than the required final volume, to 
allow for rinsing); (28) solutions returned to graduates and enough distilled 
water added to bring them as nearly as possible to required volume (3 cc. per 
gram of fish); (29) passed through no. 2 sintered-glass filters, previously dried 
in oven (no material loss of melanin by adsorption is found to take place in a 
filter of this grade of porosity). 

The melanin “solutions” are now satisfactorily clear and ready for direct 
colorimetric reading by transmitted light. This is obviously more satisfactory 
than our earlier, more involved procedure (1937). 

The colorimeter employed in these studies (the Ives Tint-Photometer) has 
been employed by the senior author and collaborators for a number of years in 
several lines of investigation. Since it has already been described rather fully 
(Sumner and Fox, 1933, and earlier), no detailed account is called for. One beam 
of light, reflected from a block of white magnesium carbonate, is passed through 
an absorption-cell containing the solution under examination, another beam 
through a neighboring cell containing distilled water. An adjustable diaphragm 
controls the amount of light emerging from the latter cell so that the intensity of the 
beams emerging from the two cells can be brought to equality. Before reaching 
the eyes of the observer however, both beams are passed through one of a series 
of color filters. Using each of these filters in turn, the two halves of the field 
are balanced and the readings recorded. For the present studies, three filters 


® This liquid is ordinarily clear and of a pale straw-color, quite different from that of a diluted 
melanin solution. Solutions from “‘black’’ fishes (i.e., ones from black background) were found, 
however, to be about 80 per cent more deeply tinted than ones from ‘‘white”’ fishes when several 
pairs of samples were compared. At most, the coloration is feeble. 
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have been employed: red, green, and blue.’ It is evident that in the use of this 
instrument high readings represent low melanin values and vice-versa. The 
highest (100 per cent) readings are obtained from pure water. 

These successive readings constitute the primary data upon which our assays 
of melanin are based. Each observer repeats his readings several times. When 
two observers work in collaboration, their readings are averaged.*® 

For the interpretation of these figures for color-values obtained with the 
tint-photometer it is necessary to prepare a set of curves based upon melanin 
solutions of known concentration. Through the kindness of the late Professor R. 




















FiGuRE 1. Tint-photometer readings of melanin solutions of various concentrations. The 
highest concentration (‘‘100%") was prepared by boiling dried melanin for three hours in 0.2 
per cent NaOH solution in the proportion of 0.667 gms. to 100 cc. This was variously diluted 
with NaOH solution. Abscissas = tint-photometer readings; ordinates = dilutions (expressed 
as percentages of 100%" solution). 


A. Gortner, of the University of Minnesota, we obtained a sufficient quantity 
of purified melanin, prepared by him from the skin and other tissues of the “‘silky” 
fowl. Curves based upon tint-photometer readings of a series of dilutions of a 
solution (.0667 gm. per 100 cc. 0.2 per cent NaOH) are shown in Figure 1. These 
are the curves which have been employed by the senior author in deriving the 
values reported for Girella and Fundulus in this issue (pp. 195-205). The 


7 Specifications for these filters, taken by means of the Bausch & Lomb Visual Spectropho- 

tometer are as follows: 

my 

i Maximum transmission (70% +). 760-650 
Lower limit (1% transmission)... . . 602 
Maximum (18% +)...... .. 530-520 
Upper limit (1%). 610 
Lower limit (1%). 475 
Points of half transmission. , 500, 565 
BI _/Maximum (31% +)...... 460-450 
ue{.. oe nel 
Upper limit (1%). 515 

(The blue has been referred to as “blue-violet’’ in our earlier publications.) 

* There was, not unexpectedly, a personal equation in these readings. In the case of the 
last ten samples studied by us, melanin values based upon the readings of the senior author were 
1.7 per cent higher than those obtained by the junior author. The mean differences, regardless 
of sign, averaged 2.0 per cent. 
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melanin values therein presented are expressed in milligrams per gram of the 
original weight of the fish. 

Allowance must be made for the probability that melanins derived from dif- 
ferent organisms are not all chemically identical. Hence, these figures for fish 
melanin, based upon comparisons with the melanin of a bird, may be no more 
than rough approximations. In our present studies, however, we are chiefly 
concerned with relative rather than absolute values, our main object being the 
discovery of relations among our various experimental groups. 

We feel justified in basing our melanin titer upon the weight of the fishes, 
rather than upon the surface area of the skins, for the reason that the skin of an 
animal has a third dimension, thickness, which probably varies roughly in pro- 
portion to its other dimensions. (It is obvious that the wet weight of the 
scraped-off skins would be of no significance for this purpose.) It is of interest, 
however, that when the melanin content, per square of body length, is computed 
(in the absence of any actual measurements of surface areas), the essential rela- 
tions among the various experimental lots remain unchanged. 

Previous writers have called attention to the production of dark ‘‘melanoid’”’ 
substances through the action of strong acids upon proteins. These would 
obviously interfere with colorimetric measurements of melanin. That boiling 
with 6 per cent HCI can have had no such effect upon our material seems to be 
proved by a special test which was made for this purpose. Twelve goldfishes, 
very nearly devoid of melanin in their skins, were subjected to our standard 
procedure in three lots of four fishes each. These agreed in yielding solutions 
hardly tinted enough to permit of readings with the tint-photometer. The 
slight coloration was about 2 per cent of that of the ‘‘100 per cent” standard 
melanin solution (Figure 1). Moreover, in six cases, one to two additional hours 
of boiling in HCI (step 24, p. 189) resulted in a slight mean Joss, rather than 
increase in the melanin titer, though this difference was of doubtful significance. 

The same cannot be said, however, of extending the time of boiling in sodium 
hydroxide. Six samples which were boiled for three hours gave melanin values 
averaging 7.4 per cent lower than portions of the same solutions which were boiled 
the usual one hour. 

Furthermore, as we have reported earlier (Sumner and Doudoroff, 1938) 
alkaline solutions of melanin invariably deteriorate (become paler) at ordinary 
room temperatures, even when kept in the dark. Thus a set of three samples 
from black-adapted fishes underwent a mean apparent loss in melanin content of 
9 per cent in 24 hours, 18.6 per cent in five days, and 24.3 per cent in 12 days. 
These figures are based upon the means for the three color filters. Actually, 
there were wide differences between the figures for loss, when based upon readings 
with the different filters. Thus, at the end of 12 days, the figures seem to show 
a decrease of 33 per cent, if readings with the red filter alone are considered; only 
16 per cent if the blue ones alone are considered. This obviously implies a change 
in the color as well as in the density of our solutions. 

Readings taken of our ‘“‘standard’’ melanin solutions at the end of 12 days 
presented much the same picture. In the ‘‘70 per cent”’ solution® (corresponding 
approximately to that derived from black-adapted Girella) the seeming loss in 


* Meaning 70 per cent of the concentration of the strongest solution (taken as 100 per cent) 
upon which Figure 1 is based. 
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melanin concentration, when based upon the mean of readings with the three 
filters, was 20.5, a figure not far from that shown by the solutions of fish melanin. 
Here, too, the separate figures, based upon the three filters, ranged from 27 per 
cent (red) to 15.7 per cent (blue). 

Some further optical properties of a melanin solution, both when freshly 
prepared and after standing in the dark for 12 days, are portrayed in Figure 2. 
This is based upon readings with a Bausch and Lomb Visual Spectrophotometer 
of a solution having the same concentration as the “100 per cent’’ solution of 
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FiGuRE 2. Curves of transmission of various wave-lengths by ‘“100%"’ solution of purified 
melanin (see legend for Figure 1). Lower curve = freshly prepared solution. Upper curve = 
same solution after 12 days. Abscissas = wave-lengths at 10-my intervals; ordinates = percent- 
ages of transmission in comparison with distilled water. 


Figure 1. The ‘“‘curve’’ of transmission, at least for the freshly prepared solution, 
turns out to be a nearly straight line, with a practically uniform gradient from 
blue through red. 

When a fresh ‘‘70 per cent”’ solution is compared with a 12-day-old solution 
of the same original strength, we find an increase of 22 per cent in the reading 
with the red filter, an increase of 41 per cent in the reading with the blue. This 
might be construed as an increase in transmission toward the blue end of the 
spectrum. It must be remembered, however, that with increasing dilution, the 
transmission of the various wave-lengths through a colored solution tends to 
equalize, and that the least transmitted wave-lengths (in this case blue) will 
increase much more rapidly than the more transmitted ones (in this case red). 
In passing from a ‘‘70 per cent” to a ‘‘51 per cent” melanin solution, for example, 
we find an increase of 22 per cent in the “‘red”’ reading, and an increase of 89 per 
cent in the “‘blue’’ reading. Thus the much smaller increase in the transmission 
of blue rays through the 12-day-old sample, in comparison with the diluted fresh 
sample, denotes a shift toward the red on the part of the former. The figures 
upon which Figure 2 is based likewise reveal a greater relative transmission of the 
red rays than would result from simple dilution. 

This lability of melanin solutions makes it necessary to employ boiling periods 
of uniform length in preparing them, and to make the photometric readings as 
soon as possible after the solutions are prepared—three or four hours at most. 
The unavoidable losses are thus kept constant, and the figures for the various 
lots may be regarded as strictly comparable. 

A chief reason for our dissatisfaction with our earlier procedures (1937, 1938) 
was the frequent appearance of considerable differences in the yield of samples 
from which identical results had been expected. So far as such unexpected dif- 
ferences related to different lots of fishes having the same experimental history, 
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there was, however, no real ground for concern. Later studies of melanophore 
density (Sumner, 1940, a and 6) have emphasized the enormous variability in this 
respect within each of the experimental lots. There was considerable overlapping, 
for example, between the frequency distributions of melanophore numbers in even 
the ‘‘black’’ and ‘‘white’’ series of Lebistes. 

Of more serious import are differences in results obtained from portions of 
the sarne sample of material which, after division, have been subjected to identical 
treatment. Such discrepancies, which were earlier encountered to a discouraging 
degree, have been largely, though not wholly, eliminated in our later studies. 
Comparisons of figures for ‘‘a’’ and “‘b” portions of the same sample (step 14, 
above) give us something of an index of the degree of constancy of our results. 
In 34 cases in a recent study, in which readings from two such portions were 
obtained, the mean difference between these portions was 3.2 per cent. This 
figure, it is true, indicates only a moderate degree of precision, but it is small 
compared with most of the experimentally produced differences upon which our 
conclusions are based. In 28 of these 34 cases, the differences between our “‘a”’ 
and ‘‘b’”’ sub-samples were under 5 per cent. In the remaining six, they were 5 
per cent or more, the largest figure being 12.3 percent. No explanation can be 
given for these exceptional cases. Fortunately, they seem to become less frequent 
with increasing experience. 

The results of a rather extensive application of the technique here described 
are preserited in another paper in this issue. 

We make grateful acknowledgment of the kindness of the late Professor R. 
A. Gortner of the University of Minnesota in supplying us with samples of purified 
melanin, and for valuable information; to our colleague, Dr. D. L. Fox for the 
use of the spectrophotometer under his charge as well as for advice on various 
matters, and to Mr. Sheldon Crane for assistance in the photometric work. 


SUMMARY 


A method is described of preparing a solution (transparent colloidal suspen- 
sion) of the melanin of fishes, and of assying this colorimetrically. The method 
includes hydrolysis of the tissues in a boiling alkaline solution, precipitation, cen- 
trifuging, further hydrolysis in acid and removal of acid and digestion products 
by dialysis; finally dissolving the melanin in dilute NaOH. Readings of the 
various samples were made with a tint-photometer, but a spectrophotometer 
could have been employed, perhaps, to advantage. 

For the interpretation of these readings, curves were drawn, based upon 
solutions of purified melanin of known concentration. 

The transmission ‘‘curve’’ of the various wave-lengths through such a melanin 
solution was likewise obtained by the use of a spectrophotometer. This proved 
to be a nearly straight line from a low point in the blue to a high point in the red. 

With lapse of time, alkaline “‘solutions” of melanin rather rapidly deteriorate, 
even in the dark, becoming increasingly transparent to all wave-lengths, but pro- 
portionately more to the red than would result from mere dilution. 
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A FURTHER REPORT UPON THE EFFECTS OF THE VISUAL 
ENVIRONMENT ON THE MELANIN CONTENT OF FISHES! 


F. B. SUMNER 
(Scripps Institution of Oceanography of the University of California, La Jolla) 


INTRODUCTION 


That a sufficiently long sojourn upon a black or white background may result 
in a marked increase or decrease in the pigmentation of fishes and amphibia has 
been shown by several investigators (Cf. recent review by the present author, 
19406). Sumner and Wells (1933) found pronounced changes of this sort in 
Lebistes reticulatus, in which not only the number of melanophores per unit area 
of skin was found to be markedly affected, but also the amount of melanin per 
cell. These changes were portrayed unmistakably in our published photographs, 
but no attempt was made at that time to measure their extent. 

For two other fishes, Gillichthys mirabilis and Gambusia affinis, Sumner and 
Doudoroff (1937, 1938) made quantitative determinations of the amount of 
melanin present in animals of different experimental history. These deter- 
minations were beset with considerable obstacles which seriously affected their 
precision. Certain conclusions were, however, established with reasonable 
certainty in both of these series of experiments. (1) Fishes of ‘“‘black’’ history 
yielded considerably more melanin than fishes of ‘‘white’’ history, while those 
from intermediate backgrounds (grays) were intermediate in this respect. 
(2) Within broad limits, the intensity of the incident light was a minor factor in 
the production of such differences. 

A more definite quantitative relation was indicated as possible between the 
albedo? of the background and the amount of melanin produced (or retained). 
In Figure 3 (Sumner and Doudoroff, 1937) and Figure 1 (Sumner and Doudoroff, 
1938), it is evident that the relation between these two variables is not a linear 
one. If the figures for albedo stated on page 213 (1937) be converted into per- 
centages of ‘‘white’’ (the latter being regarded as 100) and if 0.74 be taken as the 
value for “‘black,’’ the Gillichthys values of Table I, “‘A”’ (means), form a nearly 
perfect logarithmic series.* This relation does not hold at all well for the “B” 
fishes, however, though the arrangement here is likewise of the ‘‘hollow curve” 
type. 

The relations shown by the ‘“‘A”’ set of these fishes suggested as possible the 
rule that the amount of pigment produced (or retained) varied inversely as the 


1 Contributions from the Scripps Institution of Oceanography, New Series, No. 195. 

* By albedo is meant the specific reflectivity of a given surface, i.e., the proportion of incident 
light which that surface reflects. 

* This mode of treating the data is not in the least arbitrary. Our original attempt to state 
the albedo of our ‘“‘white” in absolute terms was not successful and has been abandoned. But 
the figures for ‘‘albedo,” referred to “‘white” as a standard, are fairly exact. The figure of 0.74 
_ “black” is taken from Sumner (1940a). While only approximate, it is certainly a fairer figure 
than 0. 
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logarithm of the albedo of the background. The analogy between such a formu- 
lation and the so-called “‘Weber-Fechner Law” in human sense-physiology was 
at once recognized. 

Because of the difficulties encountered in our earlier attempts to assay melanin, 
the present author next resorted to counting melanophores in definite areas of the 
skin of Lebistes reticulatus (Sumner, 1939, 1940a). Accurate counting was 
rendered possible by causing the pigment-masses of the melanophores (‘‘melano- 
somes’’) to concentrate through the action of adrenalin. 

In these experiments, the previously observed gradient in the effects of the 
various backgrounds, from black to white, was clearly manifest. And again, the 
logarithmic relation between stimulus and pigmentation was plainly indicated, 
though the values for the ‘“‘black”’ fishes were somewhat too low (1940a, Figures 
3and 4). Once more, any differences due to the intensity of general illumination, 
if significant at all, were slight in comparison with those resulting from the shade 
of the background. 

While there could be no doubt that the melanin content of black-adapted 
fishes was greater than that of white-adapted ones, it was plain that more exact, 
quantitative expressions for these differences in melanin content were desirable. 

Further endeavors to perfect a method of assaying melanin were resumed by 
Sumner and Doudoroff, who have discussed the outcome of their completed task 
in this issue of the Biological Bulletin (pp. 187-194). The present paper reports 
the results of two series of experiments in which this method has been applied 
successively to two species of fish, Fundulus parvipinnis and Girella nigricans. 
Since, of these two, the results from the latter species were of far greater sig- 


nificance, they will receive the principal attention. 

I must here acknowledge the valuable assistance of Dr. Peter Doudoroff and 
Mr. Carl I. Johnson in the preparation of some of the equipment here employed, 
and of Mr. Urless Lanham and Mrs. J. F. Wohnus in connection with the care 
of the fishes and some of the subsequent laboratory procedure. Acknowledg- 
ment is also due Messrs. P. S. Barnhart and C. W. Palmer for obtaining the 
supply of fishes. 


METHODS 


In the case of Girella, eight to ten of the fishes, averaging (two months later) 
about 60 mm. in length, were placed in each of the 24 experimental bowls. 
Running sea-water was supplied to these. The fishes were fed three times a 
week, chiefly with beach-worms (Thoracophelia) and canned shrimps. Debris 
(feces and food remains) was removed from the bottoms of the bowls by siphon- 
ing, nearly every day, and the bowls were scoured once a week to remove bacterial 
and algal growths. 

The bowls were kept in six cabinets, painted white within and lighted by 
electric lamps overhead. Four bowls of the same albedo were kept in each of 
five cabinets, lighted by a 100-watt lamp. A second set of four black bowls was 
kept in the sixth cabinet, lighted by a 10-watt lamp. The cabinets were all kept 
lighted night and day. 

In the case of Fundulus, only five cabinets were employed, all with 100-watt 
lights, and the extra set of black bowls was omitted. 

The intensity of illumination in the more strongly lighted cabinets, as deter- 
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mined with a Weston Photronic Cell placed at the customary water-level in the 
bowls, the latter being covered by a }-inch screen, was about 33 foot-candles. 
In the less brightly lighted cabinet, it was about 2 foot-candles. 

The bowls were of clear, uncolored glass, with nearly straight sides, 24 cm. 
in diameter and 15 to 17 cm. deep. As has been our practice, these bowls were 
painted on the outside with several coats of auto enamel. Black and white 
enamel were used, singly and in mixtures which provided the three shades of gray. 
In order to eliminate bright gleams, from surface reflection, the bowls were given 
a frosted surface by sand-blasting on the inside. This surface becomes trans- 
parent when covered with water. 

Albedos were determined by a method described more fully earlier (Sumner, 
1940a). Light reflected from the bottoms was measured by the use of a photronic 
cell and galvanometer. The readings thus obtained did not reveal the absolute 
albedos of the surfaces in question (i.e., ratios of reflected to incident light), since 
it was impracticable with available equipment to measure the incident light 
reaching the bottom of a bowl nearly filled with water. This was not necessary, 
however, because the important thing to know in these experiments was the 
relative reflectivity of these various surfaces, as compared with one another. 
As already stated, these figures were reduced for present purposes to a common 
standard, the reflectivity of the white bowls being taken as 100. 

Since, as already indicated, the bottoms of the bowls were unavoidably 
befouled part of the time, another set of albedo readings was taken with the 
bowls in this state. For this purpose, an attempt was made to reproduce their 
average condition preceding the—usually daily—siphoning off of the debris. 





TABLE I 


Albedos of the various backgrounds, relative to white as a standard 


Approximate 





Without debris With debris average 

| condition 

White. . | 100.00 100.00 100.00 
Pale gray... 38.17 37.31 37.74 
Medium gray..... 17.84 17.77 17.80 
Dark gray... . 6.56 7.22 6.90 


Black 0.94 1.94 1.42 


The result was necessarily only a rough approximation. Table I gives the figures 
for each type of bowl, with and without the debris. The figures in the third 
column, which represent an average of the clean and the dirty conditions of the 
bowls, are the ones here employed in considering the relations between albedo 
and pigmentation.‘ 

The present table gives the albedos of the bowls used for Girella. The set 
used for Fundulus received the same shades of paint (many of the bowls were 
identical), with the exception of the ‘dark gray” bowls, which were uninten- 
tionally made considerably paler, having an albedo of 11.79, instead of 6.90. 


*In Table I of Sumner, 1940a, the figures in the column headed “With Debris” are the ones 
employed in the text discussions of that paper, but those figures are based upon a less extreme 
condition of fouling than that dealt with in the present paper. 
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In the Girella experiments, about half of the fishes were removed for the 
melanin assay two months (59 to 61 days) after the commencement of the experi- 
ment, the remainder being removed two months later (a total of 122 to 123 days), 
Four samples were taken from each type of background on each of these occasions, 
Each sample consisted of from three to five fishes. Two series of Fundulus were 
likewise assayed, after periods of 24 to 26 days and 57 to 59 days, respectively. 
Here the four samples from each background consisted of five to seven fishes. 

The treatment to which this material was subjected has been described by 
Sumner and Doudoroff in the present number of the Biological Bulletin (pp. 
187-194). 


RESULTS 


For Girella, notes were made on the appearance of the living fishes near the 
close of each period of the experiment. 

(1) Differences of shade, resulting from the influence of the backgrounds, 
were very marked. Most of the fishes in the black bowls were so black as to be 
nearly invisible against these backgrounds. Those in the white bowls were very 
pale, appearing almost white (for a few seconds only) when transferred to a black 
bowl. Fishes in the intermediate bowls were correspondingly graded. 

(2) Except in the black bowls, and to a less degree in the dark gray ones, 
however, the adaptation was far from complete, even after four months. The 


TABLE II 


Melanin content (mg./gm.) of Girella killed after two months 


Black (10W) | Black (100W) | Dark gray | Medium gray Pale gray White 





1.35 {0.91} 0.86 0.78 0.63 0.81 
1.40 1.37 0.95 0.82 0.68 0.82 
1.60 1.52 1.03 0.93 0.89 
1.61 1.55 1.21 0.93 





1.49 1.48 
TABLE III 
Girella killed after four months 





Black (10W) Black (100W) Dark gray Medium gray Pale gray White 


1.33 : ; 0.63 0.50 0.61 
1.51 ; ; 0.71 0.57 0.62 
1.51 a ‘ 0.73 0.61 0.65 
1.58 ‘ ‘ 0.91 0.64 0.79 





1.48 1.43 d 0.74 0.58 0.67 


white-adapted fishes, while very pale, appeared far from white, om their own 
backgrounds, and could not even be regarded as well concealed. The fishes on 
pale and medium gray were also considerably darker than their respective back- 
grounds. 
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(3) Great individual differences of shade were sometimes manifested among 
fishes in the same bowl, particularly in the medium and dark gray bowls. Among 
the latter it was noted that the two extremes could even be characterized as 
“pale” and “very dark,” relative to their background. Whether or not such 
visible differences resulted from actual differences in the amount of melanin was 
not determined. Apparently, they were more or less permanent for the indi- 
viduals concerned. 

(4) The greater part of the induced differences of shade, even after four 
months, was of the transitory (‘‘physiological’’) type. Strikingly rapid changes 
were still visible, following the transfer of a fish from one background to another. 
Again, the effect of the chloroform vapor with which the fishes were killed was 
to level down these differences, the pale fishes becoming much darker and vice- 
versa. While no figures are available for the color differences of the living fishes, 
it is certain that the difference between those of “‘black’’ and ‘“‘white’’ history 
was many times the maximum difference (23 : 1) shown by the melanin extracted 
from these same lots. 

Figures for the melanin content of the skins of the various lots of Girella are 
shown in Tables II and III,5 and some of the relations among these values are 
depicted graphically in Figures 1 and 2. Each of the values comprised in the 
tables is derived from one of the “‘samples”’ of three to five fishes referred to above, 
and in most cases it represents the mean of two sub-samples, into which the 
dissolved material was early divided. The figures in each column are arranged 
in order of magnitude, without reference to the chronological order of the analyses. 

The range of magnitude displayed in each of the columns of these tables is 
plainly considerable. This despite the fact that each of these figures represents 
the mean condition of several individuals. Considering the very great individual 
variability of some fishes in respect to pigmentation, however, these differences 
among the melanin values for small samples are not surprising (Sumner and 
Doudoroff, this issue, p. 192). 

It seems probable that the figure in brackets in Table II (0.91) is due to some 
accident or error of procedure, though no such error was perceived at the time. 
This low value is not approached by any other of the 16 figures comprised in the 
four columns for ‘‘black’”’ fishes in the two tables. It will also be noted that the 
mean for the column containing it (black, 100W.), when the aberrant figure is 
omitted, agrees rather closely with the other three means for “‘black.’’ If this 
(possibly correct) figure is included, the mean for its column is 1.34. 

The two vacant spaces in Table II result from the accidental loss of the cor- 
responding samples of material. 

Aside from one feature, the curves (Figure 1) show much the same form as 
those presented in previous papers (Sumner and Doudoroff, 1937, 1938; Sumner, 
1940, a and 6). From black to pale gray, the arrangement of the values ap- 
proaches very closely a logarithmic one, at least for the 4-month series (Figure 2). 

In one respect, however, the curves based upon these experiments differ 
markedly from any of those shown in our earlier papers. In the present case, 
there is an actual rise from pale gray to white, the reality of this relation being 


_ * These melanin values were obtained by reference to curves based upon ‘“‘standard” solu- 
tions of melanin derived from silky fowls (see preceding paper, p. 190). It can hardly be assumed 
that they represent with any exactness the absolute quantities of melanin in our fishes. 
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emphasized by the fact that it is shown in both the 2-month and the 4-month 
series. Here we have an abrupt departure from the logarithmic relation. The 
possible significance of this will be discussed later. 


BR Og Mg 


FicurRE 1. Melanin content (milligrams per gram of original weight of the fishes) of Girella, 
after sojourn on various backgrounds; broken line after two months, continuous line after four 
months. Abscissas = albedos; ordinates = melanin. 


Le) i 
Dg BK. 


FiGuRE 2. Melanin content of the 4-month series plotted against the logarithms of the albedos 
of the backgrounds. 


Comparison of the 2-month and the 4-month series brings out certain points 
of interest. In respect to the values for black and dark gray, the two series differ 
but slightly from one another. Beyond the latter point, however, the two curves 
diverge steadily, that for the 4-month fishes falling well below that for the 2-month 
ones. This is not surprising when we consider that freshly caught fishes, when 
subjected to these artificial conditions, commonly lose pigment freely upon the 
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paler backgrounds, but undergo little increase upon the darker ones.* This loss, 
as might have been expected, has progressed considerably further in four months 
than in two. It is not impossible, indeed, that longer subjection to the experi- 
mental conditions would have resulted in depressing the value for ‘‘white’’ below 
that for “‘pale gray.” 

To consider these differences quantitatively, we find that after two months 
the melanin yield of the “‘black”’ fishes was about 1? times that of the ‘‘white”’ 
ones, and more than twice as great as that of the “pale gray’”’ ones. For the 
4-month series, the figures are 2 + and 23, respectively. As already stated, these 
differences are slight in comparison with the very great differences in the ap- 
pearance of the living fishes. 

Fundulus, as already stated, yielded far less instructive results than Girella. 
Earlier experiments had shown that visible responses to backgrounds were much 
less pronounced in the former than in the latter. Indeed, the living “black” 
fishes were far from black and did not seem to darken further after the first few 
days. 

Mean melanin values (mg./gm.) for the 2-month period are as follows: 


Black. ... 0.37 
Dark gray... 0.40 
Medium gray..... 0.36 
Pale gray. . 0.34 
White. 0.26 


These figures are based upon four samples (five to seven fishes each) in 
the case of the three grays, only three samples in the case of white and black. 
The significance of any of these differences may well be doubted, with the ex- 
ception of that between ‘“‘white’’ and the other four members of the series. In 
general, the variability among the figures for each background is high. 

Comparing the figures for Fundulus with those for Girella, it is plain that 
the former, in all cases, is a much less highly pigmented fish than the latter. 
The ratio, indeed, is nearly 1:4. Again, the influence of the background is 
much less pronounced in Fundulus than in Girella. In the former it has been 
seen that there is little or no difference in melanin content between the fishes 
kept on black and those kept on the various shades of gray, while the ‘‘white’’ 
fishes seem to have lost only 30 per cent of their melanin. 


DISCUSSION 


Despite the marked differences shown by the different fishes in our present 
and similar previous experiments, certain common features are obvious in their 
reactions to the background. In every case, among these various fishes (Gil- 
lichthys, Gambusia, Lebistes, Girella, Fundulus) quantitative changes have been 
brought about in the amount of melanin contained in the skin. In all of these, 
except Fundulus, the greatest melanin content was shown by the black-adapted 
fishes, and in all except Girella the lowest melanin content was shown by the 
white-adapted fishes. For the most part, too, the intermediate values for this 


* However, fishes which have become depigmented as a result of subjection to pale back- 
grounds will regain this pigment when transferred to black (Sumner and Wells, 1933). 
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pigment were graded in the order of decreasing albedo of the background. Ex. 
ceptions to this were the position of ‘‘white’’ in the ‘‘B” series (but not the ‘‘A”’) 
in Gillichthys, the transposed relation between ‘“‘dark gray’’ and ‘‘medium gray” 
in Gambusia, the position of ‘“‘white’’ in Girella and the position of ‘‘black”’ in 
Fundulus. It should be added, however, that in no case did one of these values 
deviate more than one place from its expected position in the series. 

In none of these fishes were the melanin values, when plotted against albedo, 
arranged in linear fashion. In every case except Fundulus, they were so arranged 
as to form a “‘hollow” curve. (Since Fundulus displayed such limited pigmental 
reactions, it may be omitted from further discussion of this subject.) 

In our most extensive experiments—those upon Gillichthys, Lebistes and 
Girella—the whole or greater part of this curve was of the logarithmic type. In 
series ‘‘A”’ of the Gillichthys experiments this arrangement was nearly perfect. 
In the Lebistes experiments it held fairly well except for ‘‘black,’’ the value for 
which was somewhat too low. In the Girella experiments—the most extensive 
of all—it held very closely except for ‘“‘white,’’ the value for which was too high, 
so much so as to throw it out of proper alignment in the series (Figures 1 and 2). 

We have more than once pointed out the possible analogy between the rela- 
tions shown in these pigmental responses of fishes to albedo and the phenomena 
of human sense physiology which have been generalized as the ‘‘Weber-Fechner 
Law.”” Throughout a considerable range of stimuli, it has been found that 
equal increments of sensation (just perceptible differences) result from propor- 
tional rather than equal increments of the stimulus. In Fechner’s well-known 
formulation, Sensation = C log Stimulus. 

It is commonly recognized that this is a generalization of limited application, 
and that at best it holds for a limited range of stimuli. Particularly is it known 
that the relation in question breaks down at low intensities of the stimulus, and 
sometimes also at high intensities (Woodworth, 1938, pp. 430 et seg.). Whether 
or not the low melanin value for “black” in the Lebistes experiments and the 
high value for ‘‘white’’ (i.e., lessened depigmentation) in the Girella experiments 
could be regarded as examples of the ‘‘breakdown”’ of any such general rule at 
low and high intensities of stimulation is, of course, quite questionable. For 
the present, we can say only that the analogy between these phenomena of pig- 
mentary response and the phenomena comprised under the ‘“‘Weber-Fechner 
Law,”’ however suggestive this may be, is perhaps an entirely superficial one. 

That the intensity of incident light, within wide limits, is much less effective 
than albedo in causing differences in pigmentation, has already been insisted upon. 
It is possible, however, that different species differ from one another in the degree 
to which light intensity is effective in this matter. In the Gillichthys experiments, 
it was found that 7 per cent more pigment was formed in the cabinet which was 
lighted by two 200-watt lamps than in the cabinet which was lighted by two 10-watt 
lamps. In the Lebistes experiments, likewise, a small but inconstant difference 
was shown, fishes from the more highly lighted cabinet (64(+) foot-candles) 
averaging slightly higher in melanin content than those from the less highly 
lighted one (0.24 f.c.). On the other hand, the rather unsatisfactory experiments 
with Gambusia and the recent far more thorough experiments with Girella furnish 
no evidence that in these fishes the wide differences of illumination resulted in any 
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pigmental differences.’ In the former the illuminations ranged, approximately, 
from 90 to 0.25 foot-candles; in the latter they were 33 and 2 f.c. respectively. 
It cannot be stated positively, however, that all these differences in results are 
due to differences of species. Several other factors (time and temperature, as 
well as light) varied from one experiment to another. 

In respect to the amount of pigmental change brought about by these differ- 
ences of albedo, we find once more that the various species employed differed 
rather widely from one another. Here again, we must bear in mind the reserva- 
tion expressed in the preceding paragraph, although specific differences have 
certainly played an important role. 

In counts of the melanophores in Lebistes (Sumner, 1940a), the mean number 
of melanophores in a definite area of skin was 2} times as great in the black- 
adapted fishes as in the white-adapted ones. In some lots of the same species 
reared by. Sumner and Wells (1933), however, the differences, while not deter- 
mined quantitatively, appear from photographs to have been far greater than 
this. In the present Girella series, we may repeat, the differences in melanin 
content were 2 and 24:1. In the Gillichthys experiments of Sumner and 
Doudoroff (1937), on the other hand, the melanin content of the ‘‘black’’ fishes, 
after 87 days, exceeded that of the ‘“‘white’’ ones by only about 30 per cent. 
Finally, in the recent Fundulus experiments, there were no certain differences 
among any of the first four albedos (black to pale gray), while the average of 
these exceeded the ‘“‘white’’ value by about 42 per cent (of the latter).* 

Before concluding, we may dispose of one possible serious criticism of our 
experimental procedure. It is needless to say that, when a number of fishes are 
kept together in bowls of the size here used, a not inconsiderable part of the visual 
field of every fish is occupied by its neighbors. It may be asked, accordingly, 
whether this circumstance may not be sufficient to invalidate any conclusions 
based upon the albedos of the bowls themselves. 

Against any such possible objection there are rather strong arguments. It 
was long ago shown for flatfishes by the present writer (Sumner, 1911) that the 
chromatic changes of fishes are far more influenced by stimuli received from the 
bottom of a container than from its lateral surfaces. That this type of response 
is not restricted to bottom-dwelling fishes was amply shown by N. A. Wells and 
myself for Fundulus parvipinnis in 1930. In these experiments (results unpub- 
lished), two sets (four each) of 5 X 7-inch battery-jars were painted, one with 
the bottoms black and the walls white, the other in the reverse condition. Fishes 
(four in each jar) were kept for 22 days under these conditions, and were com- 
pared several times during this period in all-white jars, the two contrasted lots 
being poured into the latter simultaneously. With probably not a single ex- 
ception, all of the fishes from the white-bottomed jars were paler than any of 


? That is, if the bracketed figure in Table II is left out of consideration. If included, it would 
aoe the mean figure in the ‘‘wrong”’ direction, i.e., give a lower value for the more highly lighted 

shes. 

* Dawes (1941) reports a difference of 60 per cent in skin melanin between black-adapted 
and white-adapted frogs, after about five weeks. He believes that a greater change from their 
original condition occurred in his black-adapted than in his white-adapted specimens, since the 
former depart more from ‘‘the mean animal which was not kept on any particular background” (!). 
Dawes’s claim for complete priority in the demonstration of such changes can hardly be taken 
seriously in view of the facts reported in the preceding pages. 
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those from the black-bottomed ones. This despite the fact that the area of the 
walls of the jars, below the water line, exceeded that of the bottoms in a ratio 
of more than 3 : 1. 

In our various experiments with painted aquaria, one fish’s neighbors com- 
monly formed part of its lateral field of vision; much less commonly did they 
obscure its view of the bottom or any considerable part of this. Moreover, as 
adaptation to the background proceeded, the biological portion of this background 
came to contrast less and less with the remainder. 


SUMMARY 


The results are presented of recent experiments upon Girella nigricans and 
Fundulus parvipinnis, together with a comparative discussion of previous similar 
experiments by the author and collaborators. 

In this latest series, Girella was exposed for two and for four months to back- 
grounds of five albedos (black, three grays and white), lighted by 100-watt 
electric lamps; while another set was exposed to black backgrounds only, lighted 
by a 10-watt lamp. In the Fundulus series, only the brighter lights were 
employed. 

The effects of this treatment upon melanin production (or loss) were much 
more pronounced in Girella than in Fundulus. In Girella, the amount of melanin 
in the skin, after four months, was 23 times as great in fishes from the black con- 
tainers as in those from the pale gray containers. This difference in melanin 
content was trivial, however, in comparison with the difference in appearance of 
the living fishes. The latter was due, for the most part, to the transitory dis- 
position of the pigment within the chromatophores. 

The minimum melanin content in Girella was not obtained from the occupants 

_of the white containers, but from those of the pale gray containers. The four 
values from ‘“‘black’’ to ‘pale gray” formed, however, a descending series having 
a distinctly logarithmic arrangement. 

In Fundulus no such arrangement was found, there being only one significant 
difference, that between fishes of “white” history and all of the others. The 
mean value of the latter is less than 14 times that of the former. 

The data from this and similar previous experiments show that in four of the 
five species studied, the melanin values, when plotted against albedo, form 
‘“‘hollow” curves, and that this arrangement, in some of the cases, is definitely 
logarithmic. The possible analogy between this tendency and the ‘‘Weber- 
Fechner Law’”’ is discussed. 

Fishes kept in black and dark gray bowls showed little change after two months. 
Those from the other bowls, mest of all from the white, showed considerable 
further decreases between the 2-month and the 4-month periods. It is probable 
that the differences between the dark-adapted and pale-adapted fishes resulted 
less from increase of pigment in the former than from decrease in the latter. 

No probable difference existed between black-adapted fishes kept under 
100-watt lights and the same when kept under 10-watt lights, the lighting here 
being in a ratio of about 16 : 1. 

Reasons are given for believing that the chromatic response of a fish to its 
background is not much interfered with by the presence of other fishes in the same 
container. 
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